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SUMMARY
The purpose of this research programme was to 
investigate the mode of combustion of Low Pressure Air 
Atomised Burners since published information on this type 
of burner is almost non existent.
For the necessary experimental work a combustion 
rig capable of burning 100 litres/hr. of oil was constructed.
The rig is a small scale version of those which exist at the 
International Flame Research Foundation IJmuiden, Holland, 
except that the combustion space is cylindrical and not 
rectangular. The combustion chamber’s dimensions are 0.61 m. 
in internal'diameter and 3.1 m. in length, with 0.155 m. thick 
refractory walls.
The extent of combustion unmixedness and flame 
length was determined by means of gas analysis probes. The 
temperature and emissivity of the flame at six points was 
measured by a twin-beam total radiation pyrometer. The degree 
of oil atomisation was estimated using a specially developed 
liquid nitrogen probe. Such fundamental measurements,plus the 
more- conventional operating measurements, on different oil flames 
enabled the length of any particular flame and the radiation 
along it to be measured,for any set of fuel/air input conditions.
Using a Stordy-Hauck Type 783 LPA burner, five
fuels namely, gas oil, kerosine, 950-sec.fuel oil, 
3500-sec .fuel oil and CTF-50 were b u r n t . For the gas oil 
experiments ,five different diameter nozzles were employed.
The minimum excess airs which could be achieved were 
3% for every fuel except CTF-50, where it was 51. In 
every case all the combustion air as well as the fuel were 
introduced through the same nozzle and therefore no 
'secondary air' existed as such. It is worth pointing 
out, however, that the orifice design was very complex, 
resulting in part of the air issuing with the fuel from a 
central core whilst the remaining air issued through a 
concentric nozzle around this core. Both streams then 
mix and eject through an orifice, the diameter of which is 
assumed to be the 'nozzle diameter'.
The present analysis consists of two approaches. 
Firstly, a straightforward empirical regression analysis 
based on the observation that the flame length varied 
linearly with jet momentum, excess air. nozzle diameter 
and the carbon hydrogen ratio of the fuel. This results 
in the general correlation.
D C
19.0 + 1.32G - 2.31E + 1.26 + 1.4
o H
where Flame Length, m.
d Nozzle Diameter, mo
GE
D
d ’
C
H
Jet Momentum, kg.m./sec. 
Excess Air %
Furnace Diameter, m.
Effective Nozzle Diameter, m. 
ICarbon in Fuel 
%Hydrogen in Fuel
for which. 8 6 1 -of the data was correlated + 20%.
The second approach to the problem is by using the 
theoretical analysis of Bragg which assumes that the flame 
length is governed, purely, by the reaction rate of the 
fuel and air. This results in the correlation.
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for which, again, approximately 90% of the data is bounded + 2 0 % .
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SECTION 1
t
INTRODUCTION
\
In the past very little work has been carried- out 
on the study of low pressure air atomising oil burners.
These burners have much to offer to the combustion engineer.
They are relatively cheap to manufacture, have a good turn- 
down ratio and, require only low pressure air for 
atomisation, thereby reducing the cost of atomisation. The more 
sophisticated types of L.P.A. burners automatically and 
accurately proportion all the primary and secondary atomising 
and combustion air flowing through the burner.
In the last three decades, much research has been 
carried out on pressure-jet burners, principally because of 
their application to aircraft jet engines.' Consequently this 
atomising process is fairly well understood. In the case of 
air or steam blast burners, systematic studies of International 
Flame Research Foundation at IJmuiden, Holland, have yielded 
a great deal of useful information.
During the course of present study, it was obviously 
impossible to test a large number of L.P.A. burners, and one 
of the most efficient, a Stordy Hauck No. 783 low pressure 
air atomised burner was selected for a comprehensive 
investigation. However, it may be that the results obtained 
from this burner are not strictly representative of all others 
in L.P.A. class, although it is thought that they are.
The main objects of the investigation were to burn
several liquid fuels (gas oil, kerosine, 950-sec. fuel oil,
3500-sec.fuel oil and CTF-50) in a satisfactory fashion and 
to predict the flame length in L.P.A. burner systems from a 
knowledge of the quantities of oil and air fed t o .the•burner, 
the type of fuel burnt and the excess air required by the 
process.
A cylindrical refractory lined furnace was designed
for the study of such flames at firing rates of up to 100
litres/hr. The relatively large scale of the furnace was 
essential to enable research work to be carried out under 
conditions close to those occuring in practice and to 
facilitate the application of results to large systems.
The simple cylindrical combustion chamber was chosen 
in order to avoid complications due to unusual geometric 
effects. For example, a square section furnace would have been 
unsuitable due to the existance of dead-spaces in each corner, 
where rotational gas flow takes place and longitudinal 
recirculation prevented. Recirculation may be better defined 
in cylindrical chambers, and so the problem is simplified.
It is hoped that this work will bring this very useful 
type of oil burner more to the notice of furnace designers.
SECTION 2
LITERATURE SURVEY
The genesis of the modern development of oil burning 
lay in the invention of steam atomisers in Russia due to 
Spakowski, Lenz and others in the period 1866 onwards 1.
This was followed by similar developments along the same 
lines in other countries with the realisation that, as far 
as heavy fuel oils are concerned, ’’Atomising” is the only 
way to ensure efficient combustion 2a.
Although the use of steam atomising burners spread quite 
quickly, in certain applications the loss of fresh water by 
the use of steam for atomising was a major disadvantage. The 
greatest single advance in this field was the introduction in 
1902 by Korting of an atomiser in which oil was given a rapid 
swirling motion before passing the final orifice. Discharging 
the oil at high pressure (100 psi and above) produced a good 
quality spray and eliminated the use of steam or compressed air 
atomising agent. With the exception of spinning cup atomisers, 
nearly all modern oil burners are based on one or other of the 
two above principles. The atomiser is, however, only part of 
the burning equipment and air director arrangements vary 
enormously from a simple natural draught register to an elaborate 
arrangement of air parts similar to those in gas turbine 
combustion chambers3 .
2.1. Oil Burner Classification
The diagram below shows the branches of the industrial 
oil burner family.
Pressure Jets
Oil Burners
High Pressure 
Air or Steam 
(20-200 psi)
Simple Wide Range
Blast Burners
Medium Pressure 
Air 
(5-15 psi)
External
Mixing
Internal
Mixing
Backend
Mixing
Recirculation Variable Nozzle Rotary Cup
Low Pressure 
Air
(10-40" w.g.)
1
Internal Mixin
Any impression that the existence of so many types of burner 
is symptomatic of commercial competition is erroneous. The 
variations have evolved to meet the individual requirements 
of steam raising and furnace heating and must be able to 
perform the following functions:
(a) To atomise the fuel into large number of small 
' droplets.
(b) To introduce air for combusti©m.
(c) To mix air and fuel in right proportions and at
right stages. *
(d) To stabilise the flame front*
(e) To form a flame of the desired shape and 
characteristics.
(f) To complete combustion within tthe available time 
and space.
(g) T° proportion the oil and air £DLows correctly for 
turn-down.
2.2. The Pressure-Jet Systems.
A simple pressure-jet atomiser consists of a conical 
swirl chamber. At the base of this chamber, the fuel enters
tangentially, at a viscosity of 60-120 sec. Redwood 1 (12.6 -
29.2.! centistokes). By the time fuel leaves the chamber 
through the final small orifice, its axial and tangential 
velocity is so increased that it discharges in the form of a 
hollow rapidly rotating liquid cone. Tills on leaving the 
orifice spreads outwards in the form of ?a sheet or film which, 
being unstable as it spreads, breaks imtfeo a network of 
filaments, which in turn split into droplets.
Many theories for the design of pressure-j et atomisers of 
given flow characteristics have been proposed. Watson,1* Taylor, 
Radcliffe,6 Fraser, et al.7, Brooks, et: al.8
For ideal flow conditions, the discharge coefficient and 
the spray angle should depend only on the geometry of the 
nozzle, expressed by the dimensionless number.
D 2 D 3
where, A = total area of inlet swirl grooves, D 2 = 
orifice diameter, D 3 = swirl chamber diameter. The higher 
A, the lower the spray angle and higher the discharge co­
efficient. These deductions hold in practice, but it is 
also found that the flow characteristics depend on additional 
dimensions of the nozzle, in particular, the ratios of the 
orifice length/diameter (L/D2 ) and of swirl chamber/orifice 
diameter (D3/D2) as well as on the liquid properties, in 
particular pressure and viscosity.
Recent work has shown that for a nozzle of given A, 
the discharge coefficient increases with increasing D3/D2 and 
with diminishing L/D2. The spray angle increases with both 
diminishing D3/D2 and L/D2 .
2.2.1. Drop Size from Pressure Atomisers
The drop size resulting from a liquid sheet depends 
upon its thickness and the physical properties of the liquid. 
With a swirl atomiser the factors which determine the film 
thickness and thus the drop size are flow number, spray angle,
liquid pressure, viscosity and surface tension. Since the 
flow number and spray angle are both determined by nozzle 
geometry, the nozzle dimensions in this respect have 
considerable influence on the drop size.
To predict the drop size produced by an atomiser, 
empirical relationships have been derived by many workers which 
are of the following form:
SMD a ya vb FNC
where y = surface tension dynes/cm.
v = kinematic viscosity (centistokes)
P = pressure (lb./sq.in.) and
FN = flow rate (Imp Gal/hr)
/pressure (lb./sq.in.)
There is considerable variation in the values of the 
indices obtained by different authors and, because the spray 
angle is excluded in most of these relationships, the results 
are only strictly applicable to those angles for which the 
drop sizes were measured.
Knight9 correlated a large number of drop size results 
obtained by other workers, nozzles of 85° spray angle, surface 
tensions of 24 dynes/cm., F N ’s up to 4, and pressures up to 
200 lb./sq.in., into the form:
SMD = 220 p " 0.1*58 Q°. 2 0 9 y l 0*215  (1)
Fraser7 generalised the above equation for a wide 
pressure range and, in the case of gas and medium1fuel 
oils, produced the following correlations:
Gas Oil
pvr 0,209
SMD = 454 — ....... ....................... (2)
pO . 3 5 3
Medium Fuel Oil
■pvrO .209
SMD = 585 — ....... ............ .......... (3)
p 0 . 3 5 3
Needham10 also examined the relation between particle 
size, flow and pressure, for an atomiser of final orifice 
diameter 0.040 in., tangential port diameter 0.028, spill 
orifice diameter 0.060 in. and chamber diameter 0.2 in. 
Making no distinction between conditions with spill line 
open or closed, he deduced
n° •3
SMD = 360    (4)
p O . s
When re-examined6 the results revealed that the relation
q O . 3 1 8  
p O  . 5 3 0
n°•
SMD = 325 *......   (5)
more accurately represented the relation between SMD, Q 
and P.
2.2.2. Wide-range Pressure Jets
The conventional pressure-jet nozzle has, an output 
which varies approximately as the square root of the atomising 
pressure and consequently has a limited turndown range. To
get round this fundamental difficulty there are spill type 
pressure-jet atomisers with higher turn-down ratios 
These work by dividing the oil input into two portions, one of 
which is sprayed and the other recirculated, the relation 
between the two being controlled externally. A second method 
is to alter the physical characteristics of the nozzle by means 
of internal moving parts.
The difficulty of most wide-range systems is that 
over the operational range there is usually a fairly serious 
change in spray angle. To obtain good coordination between nozz 
and air director, it is a d v i s a b l e  to keep the spray angle as 
constant as possible because the effect of the position of the 
atomiser in the register and spray angle relative to air flow 
pattern is usually critical.
2.2.3. The Air Register
The air register or director*commonly of steel 
construction, serves several functions:
(a) To admit sufficient air to burn the oil sprayed by
the atomiser.
(b) To shield the atomiser from an excessive impinghent 
of air which would imperil flame stability and 
perhaps impair atomisation.
(c) To admit the air to the furnace usually, symetrically 
around the atomiser - sometimes in more than one 
path.
(d) To impart a measure of rotational velocity to part or 
all of the air.
(e) To protect the atomiser from the effect of radiation 
from flame or furnace.
(f) In many cases to provide a means of regulating the 
quantity of air.
Exceptions are those forced-draught registers which are not 
adjusted in operation since the supply of air is regulated 
either by controlling fan spread or by the operation of a 
damper in the duct leading to the register.
The importance of efficient air register design has been 
considered by many workers it is apparent
from their findings that
(i) Axial air velocities in the air tube in the range of
100-200 ft./sec. appear necessary for spray penetration, 
to avoid a fuel rich core leading to smoke formation.
(ii) The use of air swirl, other than that arising from the
stabiliser, should only be necessary when the flame has 
to be shaped to avoid impingement. This shaping is often 
quite limited if an increased smoke point is to be avoided.
(iii) A swirler stabiliser is preferable to a bluff 
body type, as the flame is positioned away from 
the metal surface in this case.
(iv) For good performance over a wide range, the
burner geometry should have a ratio of stabiliser/ 
air tube diameter = 0.6 
Considerable research has been devoted to the swirler 
stabiliser design 15’ i6. In particular with reference to the 
effective directing of the air and the pressure drop across the 
swirler stabiliser and the resulting recirculation.
2 .2.4. The Quarl.
This is usually, but not always, made of refractory 
material and can be considered as an extension of the air 
register. It is the quarl through which the atomised oil and 
all the combustion air reach the furnace and therefore the 
relative position of atomiser versus the quarl is very critical. 
The quarl is generally shaped so that it fits the flame but 
with no impingement. Most combustion systems achieve flame 
stability by recirculating the hot combustion products, induced 
either by the action of a bluff body or by the rotation of the 
combustion air through swirler. However, at low .oil through­
puts, the hot surface of the quarl is probably more important 
in stabilising the flame.
2.3. Blast Atomised Burners.
2.3.1. High Pressure Air/Steam Atomised Burners (Twin Fluid)
These burners use very much lower oil pressure (20-200 psi) 
as compared to pressure jet burners and rely on the shearing 
action between the oil and the atomising fluid within the burner 
to effect atomisation.
Depending on the atomiser design there are two possible ways 
the atomising fluid pressure can be controlled:-
(a) Atomising fluid is supplied at a pre-determined 
pressure and is not effected by the varying oil 
pressure.
(b) The atomising fluid pressure is varied along with 
that of the oil.
These atomisers have multiple outlets, usually with 8 or 12 
holes. The spray from each orifice, is in the form of solid 
cone, usualJy around 20° angle, and to produce the desired overall 
spray angle it is necessary to angle the individual holes.
As a result of extensive experimental work by Mullinger and 
Chigier17 the effect of the geometrical and operational variables 
on the performance of internal mixing multi jet twin fluid 
atomisers has been determined. It was found that the main purpose
of the atomising fluid is to accelerate the fuel, which 
then breaks up outside the atomiser in a manner similar to 
that of a pressure jet atomiser. Wigg's18 equation for the 
determination of mean droplet size was found to agree closely 
with the experimental results, even at lower values of 
atomising air/fuel mass ratio than those for which it was 
originally developed. Furthermore, this agreement with W i g g ’s 
equation for a wide variety of different designs of twin fluid 
atomisers, both internal and external mixing, suggests that 
atomiser geometry has relatively little effect, except for the 
way in which it affects atomising fluid velocity and density 
etc. . ■
The main difference between the .twin fluid atomisers and 
pressure jets are that the fluid in the first case has a much 
higher momentum. This requires less care in design, as the 
energy for air fuel mixing is already available in the 
combustion region. The other advantage is the high turndown 
these burners offer,although the cost of operation is higher 
than with pressure jets.
The air register and quarl arrangement has already 
been discussed in Sections 2.2.3 and 2.2.4 and the remarks 
made also apply to air/steam atomised burners.
2.3.2. High Momentum Oil Burners.
These burners, formerly used in open-hearth steel 
melting furnaces, are of the blast type using high-pressure 
steam mixed internally with the oil and discharged through 
the nozzle at high velocity. In 1949 the theory of oil 
burner design was thoroughly investigated by the British 
Iron and Steel Research Association19 and the concept of 
momentum flux was introduced. Thrust measurement as a means 
of studying burner performance and its effect on flame length 
was also pioneered at BISRA20 .
The main function of steam in such burners is to entrain 
air for combustion. The oil droplet size from this type of 
burner is sufficiently small to have only a minor effect on the 
combustion rate in high temperature furnaces. The rate 
determining factor then is the rate of mixing of oil and 
combustion air.
It is important, therefore, to use the steam to the best 
advantagage, namely to keep supply pressure losses low and to 
obtain the maximum thrust or momentum flux from a given quantity 
and quality of steam. When designing a burner to develop the 
maximum thrust, the following conditions21 should be observed:-
(a) The total momentum flux carried by the liquid in
a liquid-gas jet from a convergent-divergent noz-zhbe- 
is greater than that from a simple convergent nozzle 
i.e. the former should be used.
(b) The oil and atomising agent should pass through the 
nozzle together i.e. an internal mixing burner is
required.
(c) The atomising agent should be at high pressure 
* and temperature.
(d) The discharge nozzle itself is sufficiently good
atomiser, and the use of complicated oil atomisers 
before this is unnecessary and may in fact be 
disadvantageous 22 The use of multi jet burners 
should be considered only as a means of increasing
fuel input rates for a given flame length.
2.3.3. Rotary Cup Burners.
With this type of burner a metallic rotating cup is used 
to disperse the fuel as ligaments or films. The ultimate 
atomisation is not necessarily the result of direct dis­
integration of these films, but more the effect of the impact 
of a rapidly moving air stream against the liquid film. In 
other words the mechanism becomes another version of that of a 
two-fluid atomiser, as mentioned previously. A limited amount 
of research has been carried out on the formation of films and 
ligaments from rotating cups23 but little has been done on the 
interaction between the air stream and the dispersed film. 
Fraser and Eisenklam21* obtained results for drop sizes from a 
spinning disc and suggested that the drop size equation for a 
sharp-edged rotary disc is:
where S speed of cup.fr.p.m.)
d,m
L density.(gm./cm.3)
drop size of main drops, (y)
D
Y surface tension.(dynes/cm.) 
diameter of disc.(cm.)
2.5.4. Low Pressure Air Atomised Burners.
These burners are supplied with air from a fan at 
pressures upto 1400 mm w.g. and, at least, 50% of the air 
required for combustion under maximum firing conditions may be 
passed through the burner as atomising air but in many 
instances the full stoichiometric air is passed through the 
unit. As with rotary cup burners, the oil pressure does little 
work beyond bringing the oil supply to the point of impact with 
the atomising air. The Stordy Hauck burner used for this 
investigation was a fairly sophisticated version of such LPA 
burners^ C s e c t i o n  -4-.3. ( - ^  „
The air register was of simple construction, consisting of 
two slotted concentric sleeves, the inner one sliding inside the 
outer one to regulate the supply of secondary air, but giving no 
swirl effect. The atomiser proper comprised of a two concentric 
tubes casting, the inner of which carried the low velocity oil 
flow. The atomising air entered the casting surrounding the 
oil tube and a portion of this was was admitted through the
tangential holes in the outer tube with a very high degree 
of swirl. The rapid acceleration of the oil film around 
the tapered oil discharge nozzle by the air influenced the 
first stage atomisation. The remainder of the atomising 
air met the rich oil/air mixture in a converging cone and 
this impact further atomised the oil.
Nowadays it is possible to produce a wide-range 
burner with a turn down range of 20:1. Most air register 
throats are of fixed dimensions so that even with a turn 
down ratio of 4:1 the air velocity at low load is only a 
quarter of that of full load. As the load decreases there 
is a tendency for the mixing and the flame shape to 
deteriorate. Many ingenious suggestions have been made to 
overcome this difficulty,but there is only low pressure air 
atomised burners so far which keeps the air velocity constant 
for secondary atomisation,and mixing (and the air flow^ 
proportional to oil flow) even at low turn downs thus 
producing optimum combustion conditions throughout the range.
A big advantage of this type of burner is that it is
cheap to run, in general the pressure-jet and the low pressure
air types involve the lowest operating costs, the medium-
pressure air/steam costs are 30 - 40% higher, and the high
pressure types are the most expensive ll.
In the realm of burner development, it is surprising
that with a few trivial exceptions 2 5-2 8 little information
on LPA burners has ever been published. The present work
was therefore planned to gather some information with regard to 
LPA burner operation and the resulting flame characteristics 
for a wide range of input variables. •
2.4. Outline of the Spray Combustion Process.
In liquid fuel burners the principal features giving rise 
to complete and efficient combustion are firstly, good atomisation 
of the fuel and secondly, good mixing of air and combustion 
products with the fuel afterwards, in order that vaporisation and 
combustion may proceed rapidly. Coarse atomisation results in 
poor flame shape and this in turn may lead to the deposition of 
carbon on refractory and burner surfaces because of incomplete 
combustion or flame impingement.
The important steps 29“ 31 In the process of liquid fuel 
combustion after atomisation are:
j(i) Mixing of droplets with combustion air and products.
(ii) Transfer of heat to the droplets by convection from 
the hot gases and by radiation both from the flame and 
the chamber walls.
(iii) Evaporation of the fuel.
(iv) Mixing of the vapour with combustion air and re­
circulated combustion products.
(v) Ignition of the vapour and subsequent increased 
heat transfer to the droplets by conduction from
the flame front, now surrounding the droplets.
(vi) Formation of carbon or carbonaceous residues.
(vii) Combustion of carbon or carbonaceous residues.
Many of the previous changes occur simultaneously and 
make the system extremely complex for any detailed analysis.
In spray combustion, although there is an overall or mean
mixture strength, each droplet constitutes a 100% concentration 
of fuel and is generally surrounded by an atmosphere which may. 
be substantially fuel free. Fuel evaporation and mixing are 
essential preliminaries to combustion, taking place at rates 
determined by the size and distribution of the droplets and 
ambient conditions.
In theory, it.should be possible to build up information 
on the combustion of a complete fuel spray, starting with a 
knowledge of the behaviour of individual droplets for a given 
fuel and coupling this with information on the effects of 
various physical and chemical variants relating to the fuel and 
droplet atmosphere. The impracticability of such an approach 
arises from its complexity, the difficulty in studying 
accurately the behaviour of very small elements, and from the 
essential and largely unpredictable complications caused by the 
interaction between droplets in the spray.
2.5. The Combustion of Droplets.
An investigation of the effect of various variables 
on the combustion of a single oil droplet is comparatively 
simple as it can be carried out under controlled conditions. 
Another advantage of this system is that it is amenable to 
theoretical treatment. The factors influencing the 
combustion of a single droplet are:-
(a) Fuel Characteristics
The physical properties of the fuel which have a 
dominant effect on the combustion rate of a droplet are: 
the latent heat of vaporization of the fuel, the specific 
heat and thermal conductivity of the vapour/gas mixture 
and the heat of combustion 2 9 ^3 2 - 3 5
(b) Droplet Size
The droplet size has a profound effect on the 
combustion rate. The validity of the first power of the 
diameter law has been checked by extensive experimental 
w o r k 31, however, it is not applicable in the initial phase 
of burning.
(c) Ambient Conditions
The effects of ambient temperature, gas composition and 
pressure on single droplet combustion have also been widely 
investigated 30 a36“ 39 . The important conclusions for 
various fuels are
(i) Increase of burning rate with the increasing 
oxygen concentration
(ii) Increase of burning rate as the ambient 
temperature increases.
(iii) The effect of increasing ambient pressure 
is very similar, but it is difficult to 
explain. The only influence of pressure 
could possibly be due to changes in normal 
.boiling point, density, and latent heat of 
vaporisation of the fuel. However, these 
effects do not adequately account for the 
observed increase of burning rate with 
pressure. Agoston et a l 38 have suggested 
that the change can be attributed to the 
increase in natural convection and radiation 
effects.
(d) Relative Velocity
Forced convection affects the combustion of 
droplets in two ways:
(i) The burning rates are increased by the
increase in relative velocity and empirical 
relationships do exist between the mass 
burning rate of the droplets and corresponding 
Reynolds Number 3 0 > 33 h0 k h m
(ii) The other important effect of velocity is on 
flame extinction. When the velocity of the 
air passing a burning droplet exceeds a 
critical value the flame surrounding the drop­
lets is extinguished h 3345^although, the air
temperature also has a pronounced effect on
2
flame stabilisation
(e) Combustion of Solid Residues
With residual fuels and some other oils a 
carbonaceous residue remains after the 
combustion of the volatiles and these 
"cenospheres" burn at a far slower rate than
2 9 3 0
do the volatiles 5
Summarising briefly, the single droplet 
studies have great value in contributing to 
an understanding of the fundamentals of oil 
combustion but there is considerable gaps to 
to be bridged between single droplet and spray 
combustion.
2.6. Combustion Length.
When selecting burners for a furnace or changing 
the operating conditions in an existing installation,
although heat transfer must be the main criteria, it is 
also important to know what flame length can be expected, 
so as to ensure that the required quantity of fuel can be 
burnt in the space available.
To Hawthorne et a l ^ 6 goes the credit for first point­
ing out the applicability of the momentum theorem to free 
jet mixing and furthermore the applicability of the free 
jet mixing theory for flame length predictions. For the 
flames in which the effects of buoyancy are small, their 
analysis leads to the following simple relation for the 
length of free turbulent gas flame jets:
CD
where L£ = visible flame length
s = distance from break point to nozzle
d = true nozzle diameterno
clp - stoichiometric i ratio by volume
air + fuel
Tp = theoretical adiabatic flame temperature 
Tg = absolute exit temperature of nozzle exit
temperature
a = mols of reactant/mols products for the
stoichiometric mixture 
Wg = molecular weight of surrounding fluid
W q = molecular weight of burner fluid
/
Wohl et a l 47 based their treatment of turbulent flames on 
the concept of eddy diffusity. Empirically the data for the 
two gases they studied can be approximately represented by 
the equations
T ow n 1s Gas
d 0.00775 + 3.8
o ---
50/50 T o w n ’s Gas/Air Mixture
_ i ..............    w
O.OI32 + 3.23 
Uo
UQ is expressed in cm/sec. and shows the small effect of 
gas velocity on flame length. Hottel later showed that 
the data of Wohl et al on T o w n ’s gas without primary air 
can be well represented by equation (1).
In an analysis of turbulent flames based on the 
momentum equation, Collins19 derived the following equation 
for the distance, along the axis of a flame at which there 
is just sufficient air to burn the fuel present, i.e. a 
theoretical mixture:
L = 6.5 (MN + MA) (4)
/d G
where MN
MA
= Mass flowrate of material through the 
blast nozzle, i.e. gas or steam plus oil 
= theoretical air for the amount of fuel 
passing
= average density of the flame gases 
= momentum flux through the nozzle
i f  8
Leys making use of Collins derivation simplified the 
equation (4) into following forms:
Coke Oven Gas
L = 120D  (5)
where L is the flame length (ft) and D is 
■ port diameter (ft)
Oil
L = 3.9 (MA + Mn + Mc)
0
1
E 5 H Mg(Mq + Mg)
M0  =
Ms -  
ma -
E = 
H =
(6)
where L = flame length, (ft.)
mass of oil . (lb./sec.)
mass of steam „(lb./sec.)
theoretical air requirement for the
amount of f u e l . (lb./sec.)
an efficiency factor for the burner, 
change in latent heat of the steam in 
passing adiabatically through the burner 
to atmospheric pressure . (Btu/lb.)
Thring and Newby4 - put forward the following equation 
for the determination of the length of a free jet, turbulent, 
flame with unlimited excess air:
h r  = 5.3d’ + 1 0 1     (7)f  o -
cT
For gas flames do' is given by the relation
do’ = do y ~ 9 . ............. . . (8)
O' ■
f I
! i
For an oil flame, atomised by high pressure air or steam 
do* is defined in terms of an equivalent nozzle diameter 
given by the relation.
do* = 2(MQ + M c)    (9)
/  p£  G tr
where C^ , = M q
M0 + M aT
Mai = mass flow rate of theoretical air
M q = mass flow rate of oil
PQ = density of nozzle fluid
p£ = density of final mixture
G = momentum flux through the nozzle
do = true nozzle diameter
d o 1 = equivalent nozzle diameter
Lr = flame length
An enclosed turbulent jet diffusion flame differs 
from a free flame for three reasons:
(i) the walls interfere with the free expansion of 
the fuel jet and give rise to recirculation
(ii) the amount of surrounding fluid is finite so that 
the mass concentration of nozzle fluid after
complete mixing is given by
' „ M_
a
(10)
M + Mo a
where C 1
M
a = mass concentration of the nozzle fluid 
after complete mixing 
s mass flowrate of the nozzle fluidi
= mass flowrate of the surrounding fluid
u
(iii) the jet momentum is eventually converted mainly into 
static pressure. According to Thring and Newby for 
similarity between an isothermal model and a hot 
combustion system the parameter C ’aL/ro must be equal 
in both the cases i.e.
M
M + M a o
r M %T0 • ■ L
=
M + M r ’
J a o o -
(11)
Hot system
where L characteristic length of the system 
for a cylindrical chamber L = radius; 
for square chamber L = half the 
length of the side.
true nozzle radius, radius of nozzle.
r'Q = equivalent nozzle radius, radius of
nozzle through which nozzle fluid
would flow at mass rate M and with
o
momentum but with density of o '
flame gases.
Thus all enclosed jets are not automatically similar 
like free jets for generalised representation but their 
concentration and velocity curves depend on the previous 
similarity parameter (Equation 11).
Hubbard50 used the above approach to explain the 
recirculation and mixing in cold IJmuiden furnace models, 
whereas Rhuland 51 while applying model results to predict 
the flames in rotary cement kilns devised a new parameter K 
based On the equivalent nozzle diameter of Thring and Newby.
SECTION 3
. THEORETICAL TREATMENT
The system under study here is quite specialised for the 
following three reasons. Firstly, the furnace has hot walls. 
Such systems are normally associated with kilns or refractory 
lined combustion chambers of one kind or another. Secondly, 
in the present system the combustion jet is severely enclosed 
resulting in the formulation of large recirculation eddies. 
Thirdly, the fuel and air are premixed in the burner orifice 
and no secondary air is supplied concentrically to this orifice,
In an earlier approach (Appendix IV) an attempt was 
made to derive an expression for the mean concentration of fuel 
oil in any plane downstream of nozzle entry. It was observed 
in this analysis that toward the end of the flame, (greater 
than 90% combustion), the reciprocal of the unburnt fuel 
concentration was d^-i-roctly -propo-r-t-ional to the li-n-^ a-r-distance 
along the furnace axis. By combining this observation with 
momentum balance, it was possible to arrive at an expression 
showing that the flame length is a function of jet momentum 
and air/fuel ratio (or excess air). However, there are two 
main drawbacks to this approach.
Firstly, it was assumed that the momentum of the fuel 
oil and combustion air at the burner nozzle exit "is equal to 
the momentum of the unburnt fuel and combustion gases at
some plane across the furnace at some distance from the
nozzle. It is important for the justification of the
theory, that this distance from the nozzle should be at 
least greater than or equal to the flame length in question. 
The assumption of constant momentum will only be true 
therefore if the flame length is less than this distance taken 
for the issuing jet of fuel and air to reach the wall of the 
furnace, since it is only within the jet the momentum can be 
said to approximate to a constant value. From the work of 
Ricou and Spalding 52 the theoretical distance from the 
issuing jet to hit the walls is approximately three furnaces 
diameters or 2 metres. It follows that some of the results 
taken will fall within this zone and some will fall beyond it.
However, since the total furnace cross-sectional area has been 
used to determine the momentum, the approach will only be true 
in the instances where the flame length equals the distance 
taken for the jet to just reach the wall. Furthermore, large 
quantities of recirculating combustion products which will be 
passing back along the walls of the furnace at this point, 
thereby decreasing the area for forward gas flow.
Bragg53 considered a reaction system in which there 
are fully mixed gases consisting of certain mass fractions of 
burnt, unburnt and reaction products. The reaction was 
assumed to take place adiabatically such that the temperature 
of the mixture is that resulting from the heat liberation of
the reacted products heating up the mixture from the inlet 
temperature. From these assumptions he established heat 
balance equations and a chemical reaction rate equation which 
linked the combustion volume to the degree of completeness 
of combustion. This approach is dealt with in more detail in 
Section 6.3.
5.1. Mathematical Representation of Combustion Systems.
An analysis of the exceedingly complex process taking 
place inside a combustion chamber can lead to the development 
of mathematical model for the system, provided numerous 
simplifications are applied.
The information necessary for model studies is of three
types:
(i) The rate of reaction, both of combustion gases 
and solid residues.
(ii) The pattern of flow and the rate of mixing
between various streams and phases.
(iii) The ratio of heat transfer between different
parts of the combustion chamber and the walls.
 ' yI j Before a model can be applied in any wa# it is necessary
to test the sensitivity of the results for the variations of 
burn-out and temperature along the flame for different values 
of the parameters used in the computations.
This serves two purposes:
(a) It prevents too much reliance being placed upon 
results that are shown to be sensitive to unknown 
parameters;
(b) It shows up the parameters that should be known more 
accurately.
There are two possible major advances in mathematical 
modelling that would bring models considerably closer to 
reality. The first is to replace the one dimensional model, 
and the second is to take account of the radiated heat transfer 
within the flame. A perfect method of computation for doing, 
this has yet to be evolved 51* although initial steps towards 
this have been t a k e n 55.
Single droplet combustion is discussed in Section 2.5. 
and theories of this explain well what happens to isolated 
droplets. The complications with spray combustion are numerous 
and no-one has yet worked out a complete calculation procedure 
for it, although it is possible to do s o 5 6 .' In practice, the 
complexity of the situation will probably force designers to 
develop the simplest model adequate for the purpose in hand but 
the reliability of such a model can only be checked if its 
predictions can be directly compared with the experimental 
observations.
SECTION 4
DESCRIPTION OF COMBUSTION CHAMBER AND 
AUXILIARY EQUIPMENT
4.1. The Combustion Chamber
4.1.1. Dimensions and Operating Temperature
The combustion chamber consisted of a cylindrical 
refractory lined tunnel 3.1 m. long and 0.61 m. internal 
diameter (Plate 1). The 0.155 m. thick lining, which 
enabled it to operate at wall temperatures up to 1300°C, 
was made up of 0.114 m. of high temperature brick backed by 
0.038 m. of 'Newtherm Extra’ calcium silicate block. The 
material used for the casing and supports was mild steel.
4.1.2. Design Philosophy
A calculated risk was taken in choosing this type of 
refractory construction. The basic design principle was that 
if the furnace lining had been designed against the worst 
possible wear conditions i.e. with the use of high quality 
firebricks backed by suitable insulating material, the furnace 
heating up time became unacceptable. With the insulating 
brick type of construction, the time required to reach steady 
state conditions proved to be of the order of 2 to 3 hours.
From time to time, the surface of the insulating blocks was 
washed with a suitable refractory material to seal off the pore
Combustion Chamber 
Plate 1.
47
and cracks and to provide some protection against wear. The 
practice was found to be successful, and the chamber lining 
is still in fairly good shape at the end of present research 
programme.
4 .1.3. Furnace Main Load
Six vertical slots were provided in each side wall of the 
furnace. These slots were covered by water-cooled sliding brass 
doors to enable an opening 0.051m. square to be obtained at any 
desired height for the insertion of experimental probes. These 
probes are described in detail in Section 5. The cooling water 
flow through these doors represents the main load on the furnace.
The combustion chamber sectional elevation and plan are 
shown in Figures 1 and 2 respectively.
4.1.4. Chimney
The short refractory lined chimney was designed as a mixing 
chamber between the flu gases and the diluent air. This 
arrangement brought the flu gas temperature down from, 1100 - 
1200°C to 300 - 400°C before they were exhausted to atmosphere. 
This arrangement was considered necessary in minimising the 
nuisance to the other occupants of the building. . .
4.2. Fuel System (Figure 3)
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4.2.1. Supply System up to Furnace Fuel Tank
The fuel supply system was a permanent installation 
in the laboratory and was fed from 204 litre drums outside 
the building. The system was capable of handling all liquid 
fuels in the range from gas oil to 3500 seconds heavy fuel 
oil, at rates up to 136 litres per hour. For high viscosity 
fuels, an electric strip heater was used to melt and keep warm 
the oil in the drums. The oil at the storage temperature 
was delivered by the pump (p^) to the supply tank (FT), through 
the filter (F^). The oil line to the supply tank was 
jacketed with hot water at 60°C. A 1KW heater in this tank
kept the oil temperature constant to - 2°C. of the pre-set
Cl
vafve and could heat the contents to a maximum temperature of 
60°C. which was well below the flash point of the fuels needing 
any preheat. The same tank was also equipped with a compact 
level controller which simultaneously controlled the magnetic 
valve, installed on the hot water supply to the oil line jacket, 
and the feed pump (p^)•
4.2.2. Oil Flow Measurement
From the supply tank (FT), the fuel passed through a 
rotameter (R) and a positive displacement meter (M); as the 
accurate measurement of the fuel flow and .consumption rates were 
essential for control purposes. The rotameter was used only 
in the case of gas oil and CTF 50 because of their lower 
viscosities, whereas for the remaining fuels, the positive 
displacement meter was employed as it was practically uneffected 
by the higher viscosities.

4.2.3. Oil Preheat and Pressure at Burner
The oil then passed through the high pressure pump 
CP2 ) > t h e second filter (F2 ) and the preheater (H) . The 
flow was by-passed if no preheat was required, otherwise 
this line heater was capable of raising 136 litres per hour 
of 3,500 seconds fuel oil or C T F 250 through a maximum 
of 120°C. The construction of the heater was in accordance 
with BSS 799/1962 and was useable up to a working pressure of 
3447 kN/m2 . The preheat temperature was controlled by means 
of adjustable pattern controlling "and hand reset safety 
thermostats.
The oil pressure at the pressure regulator (PR) was 
about 137 kN/m2 or more for gas oil and CTF 50 which did 
not require heating, and at about 241 kN/m2 or more for heated 
heavy grades of oil. As the diagram shows, the pressure could 
easily be varied by various valve adjustments. The pressure 
regulator (PR) then reduced the oil pressure and held it 
constant to the required burner operating pressure which was 
usually between 34 and 103 kN/m2 . Thermocouples, temperature 
and pressure gauges were installed in all the necessary places 
as shown in Figure 3.
4.2.4. Spill Return
In the heavy fuel oil experiments, three times the amount
t
of the fuel being burnt was recirculated, consequently the oil 
temperature in the burner, even at very low consumption rates^ 
was maintained easily to give uniform burner performance.
In the design of the fuel system, to burn heavy fuel 
oil fractions particular attention was paid on the following 
points:
(a) The heavy fuel oils and CTF ' 250 were circulated 
through the burner at the appropriate atomising 
temperatures.
(b) The amount of fuel, when recirculated through the 
burner should be at least twice the maximum fuel 
consumption of the furnace.
(c) Return fuel from the burner should pass direct to
the pump suction and not to the supply tank.
(d) All the lines in the system should be as short as
possible, and should be traced or jacketed where
ever possible. With intermittent working of the
furnace, there should be provision for flushing 
with gas oil after draining these lines.
4.3. The Burner
4.3.1. Description of Burner
The experiments were carried out using a’ Stordy- 
Hauck low pressure air atomized burner as shown in the cut­
away views of the burner (Plate 2.). lOOi of the atomising 
and combustion air entered the burner at a single inlet 
connection and was controlled simultaneously with the oil by the 
single control lever (A).
Primary atomising air entered the inner air nozzle (B)
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The Burner 
Plate 2.
through tangential inlet opening (C) which gave the air a 
swirling, rotary motion. As it approached the space around 
the oil .nozzle with its maximum velocity, it sheared and 
atomized the oil coming from the oil orifices (D) . •
The resulting air-oil mixture left the inner air nozzle
a
in a diverging cone, sheared again by the secondary atomizing 
air coming from the outer air nozzle opening (F) in a 
converging cone. This second impact further atomized the oil, 
producing a fog-like mixture of oil and air which was quickly 
ignited and burnt without smoke and carbon formation.
The inner and outer air nozzle formed a double cone air 
valve giving straight line flow air discharge. Moving the air- 
oil control lever (A) towards its high-capacity position caused 
the inner air nozzle (B) to move back from the stationary outer 
nozzle (E), thereby simultaneously, and uniformly increasing the 
air discharge areas of both the nozzles and the micrometering 
oil valve orifice.
To decrease the air discharge and oil valve orifice area, 
the control lever (A) was simply moved to a lower capacity 
position. The butterfly air shut-off valve before the air inlet 
was used only for starting and stopping the burner, and remained 
wide open when the burner was firing.
4.3.2. Combustion Air Supply
The burner was supplied with low-pressure air from a 
Sturtevant Monogram Cast-Iron Fan No.3, which has a capacity 
of 31.7 m 3/min at 2490N/m2 . The air passes through a 4.27 m. 
metering length, of 0.152 m. bore plastic piping which contained 
an orifice. Long sweep elbows and adequately sized air piping 
was used in the air line to avoid excessive air pressure loss from 
the blowing fan to burner. Orifice plate dimensions were cal­
culated using data from B.S. 1042: 1943 and 1964.
4.3.3. Burner Installation and Operation
The burner head and its auxiliary equipment are shown in­
stalled in the Figure 4 and Plate 3. Since the stabilizing quarl 
(M) supplied by the makers was heavy and inconvenient, and thought 
not to be necessary, it was not used. The furnace mounting plate 
(U) was, therefore, lined on the inside face with 0.1m of high 
temperature brick, leaving an opening on the axis of 0.12 m. 
diameter, which was the same as the opening in the quarl. If the 
quarl had been used, it would have fitted flanged tight into the 
mounting plate (U). In either case an air tight seal was secured 
between the mounting plate (U) and the furnace plate. The bracket
(0) was centred on the quarl opening.
Burner nozzle(L) was pushed into the mounting bracket as 
far as possible after unscrewing the Allen set screws in the bracket 
and was locked in that position. A flanged joint in the air line,
A. Oil S h u t-O ff Valve
B. Oil Filter
C. Adjusting Screw  on Oil Pressure Regulator
D. O il Pressure Regulator
E. Oil Pressure Gauge
F. M icro Oil Control Valve
G. W ing Nut on Oil Control Valve
H. Control
I. Butterfly A ir S h u t-O ff Valve
J. Adjusting W heel on Oil Control Valve 
K. Back Plate Screws
Burner Nozzle 
Burner Quarl
Burner M ounting  Bracket 
Induced A ir Sleeve 
Burner Protecting Shutter 
Burner Air Control Dial
Bleeder O utlet Connection for circulating heated heavy  
oil o n ly *
Snap Connection for Autom atic Control 
Furnace M ounting  Plato 
Do not use for oil supply inlet
E x p la n a t io n
L.
M .
0.
P.
Q.
R.
S.
T.
U.
Burner shown installed 
Figure 4.
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before the butterfly air valve (I) was desirable so that 
the burner could easily be removed for cleaning. Air 
piping entered the burner from the top, as in other positions 
it could be flooded with oil in the case of air failure.
The air and oil piping to the burner were supported 
and aligned to avoid strain on the micro oil valve (F), etc., 
and binding of the control mechanism. The oil pressure
regular (D) and filter (B) were in a horizontal position some
distance below the burner to prevent oil draining into the 
burner after the oil shut-off valve (A) had been closed.
4.3.4. Ignition
Before starting, the oil shut-off valve (A) was 
checked to see that it was closed. The control lever (H) 
was then moved until its pointer was at the position No. 1 
on the air dial (R), the wingnut (G) on the micro oil control 
valve (F) was turned loose and the adjusting wheel (J) was 
moved until its pointer was at No. 2 position. Without letting 
these pointers change, the wingnut (G) was tightened.
Once the above steps were taken the following 
procedures were adopted for the ignition:
(1) The combustion air fan was started and the air pressure
to the burner checked.
(2) The pilot or the pilot source was lighted.
(3) The oil pump was switched on after which the oil 
pressure for gas oil and CTF 50 was adjusted in the
range of 34 kN/m2 to 69 kN/m2 , and for heavy fuel oils
and C.T F 250 in the range of 48 kN/m2 to 103 kN/m 2
respectively.
(4) The butterfly air valve (I) was opened to tstart’ 
position on its dial.
(5) The oil shut-off valve (A) was fully opened.
(6 ) The operating lever was slowly moved forward until
the burner lights.
Two to ten-minutes were allowed for the refractory to warm 
up sufficiently to ensure good combustion.
(7) The butterfly air valve (I) was opened gradually all the 
way until the burner operated with the full air pressure.
4.3.5. Shut-Down.
First, the oil shut-off valve (A} was closed. After 
the remainder of the oil in the burner was blown out, the 
butterfly air valve (I) was closed. The burner protecting 
shutter (Q) was then inserted between the burner nozzle (L) 
and nozzle bracket (0). After shutting down, the radiant heat 
from the furnace enclosure was considerable and generally the 
butterfly air valve (I) was left partly open to allow some air 
to pass through the burner to keep it cool. If at any time 
the burner flame did go out accidently or the burner air 
supply was shut-off before the oil, immediately the burner oil 
and air shut-off valve (A and I) were closed and before any 
attempt was made to reignite the flame, all the oil from the 
burner was drained out by loosening the screws (K) and the 
furnace was purged clear of all combustible oil mist or unburnt 
gases.
4.4. Cooling Water System.
„ The laboratory water main, at a pressure of 372 kN/m 2 
supplied all the cooling water for furnace doors, probes and 
suction pyrometers. In the case of doors, the supply pressure 
was reduced to 68 kN/m 2 . This pressure head was sufficient 
to achieve the desired flow rate and to prevent any steam 
formation inside the doors. The gas sampling probe cooling 
water system was completely self-contained. A 2.25 KW 
Worthington-Simpson pump in the line raised the water pressure 
to 586 kN/m2. The high water pressure was required to maintain 
high velocities through the narrow water passage within the 
probe. The cooling water to the suction pyrometers was supplied 
direct at the main's pressure.
Heat losses to the cooling water were obtained by 
measuring all the water consumptions and the inlet and outlet 
temperatures. Each flow was separately measured by a rotameter 
and was controlled by a gate valve.
4.5. Draught Control
The furnace pressure was controlled by means of a butterfly 
damper situated at the outlet of the stack. This was operated 
by a lever attached to the side of the furnace. The internal 
pressure of the furnace was indicated on an inclined manometer 
(graduated in 0.01 inch steps). The inclined mbnometer was
connected to four outlets from the side of the furnace, one 
at the burner end of the furnace, the other three equally 
spaced along its length, so that the furnace pressure could be 
measured at four points. Three of these outlets Were kept 
sealed while the fourth was connected to the manometer for 
pressure measurements.
U
SECTION 5
DESCRIPTION OF INSTRUMENTS AND 
METHODS OF USE
5.1. Gas Sampling and Analysis
A knowledge of the amount of carbon monoxide (CO) , 
carbon dioxide (CO2 ) and oxygen (O2 ) present on the flame axis 
was necessary in order to measure the degree of completion of 
combustion along the flame length. For a complete axial survey, 
therefore, the gas samples for analysis were drawn out of the 
furnace at 14 equally spaced points by means of a simple water- 
cooled probe (OD = 38 mm., ID = 6 mm., length = 0.76 m.) In 
order that these measurements could be made quickly and 
accurately, it was necessary to have some rigid form of probe 
positioning and supporting equipment (Plate 4.)
A high sampling rate,60 - 90 Titres/min., was used and 
the stream subsampled at point (K) (See Figure 5)1 This re­
duced the time lag in the sampling system considerably and the 
time constant of the system was found to be approximately 15 sec. 
The sample arrived at the analysers passed through a filter (A), 
a condenser (B), a pump (D), a second filter (E) containing 
glass wool, a drying tube (F) filled with silica gel and a 
rotameter (G). By these means a controlled quantity of clean, 
dry gas arrived at the meters. The sample was divided into two 
parts after the rotameter (G). One of these parts passed
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through the ’DCL Servomex 1 paramagnetic oxygen analyser (G) 
and a rotameter (I); the other part went through 'IRGA' the 
infra red CO and C0 2 analyser (J). A short description 
of the principles of these instruments is given in Appendix I.
5.2. Flame Temperature and Emissivity Measurements.
Radiative methods of measuring the temperature of hot 
gases and flames have the advantage that the instrument itself 
does not have to attain the temperature of the hot gases or 
flames. However, a radiation pyrometer sighted on a flame will 
also receive radiation from the background, unless the flame is 
completely opaque. One method of overcoming this difficulty 
was suggested by Schmidt. 57. His method enables both the 
temperature and the emissivity to be determined.
5.2.1. The Principle of Schmidt Method
The method requires three measurements to be made
(See Figure 6 ).
(i) A measurement of the radiation intensity Ri from
the flame with a cold background.
(ii) A measurement of the radiation intensity R 2 from
the flame with a hot background.
(iii) The temperature (T °K) of the hot background.
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flame (i.e. one which absorbs a constant proportion of 
radiation at all wavelengths) can be shown to have an 
emissivity E equal to its absorptivity, and its trans­
missivity equal to (1-E).
Consequently if its temperature is T°K 
then Ri = E a T 4
R 2 = E a T" + (1-E) a Tg 1*
E and T can thus be determined from these equations
E = 1 - R 2 - Ri
T =
a V
Ri
E a
-k
5.2.2. Method of Measurements
The method of obtaining the necessary measurements 
depends on the type of the structure which contains the flame.
If the flame is in a well insulated furnace or enclosure, as in 
the present case, the face of the brickwork was sufficiently 
hot to replace the external black body furnace; required other­
wise. In this case, the two radiation readings were taken and 
the pyrometer was sighted through the flame, first on a cold 
target and then on a hot brick. The temperature of the brick 
face was measured by means of a thermocouple protruding through 
the brick a short distance into the furnace^ ^ T h e  brick could be 
assumed to be a 'Black body' emitter at the temperature indicated 
by the thermocouple.
In order to avoid the complicated mechanism 
necessary to move the pyrometer accurately to the two 
sighting positions, a special pyrometer was suggested by 
the International Flame Research Organisation a t 'IJmuiden 58 • 
This pyrometer was in effect two radiation 
pyrometers in one. The two pyrometers use a common focus­
ing mirror, but have two thermopiles separated by a small 
distance, such that one receives radiation from the flame, 
and the other from the flame and the hot background.
The Land Twin Beam Radiation Pyrometer, which is a 
commercial development of the IJmuiden instrumentyhas been 
used in the present research), 1 is described in Appendix 
II and is shown in Figure 7.
5.2.5. Determination of Radiation Intensity
The output of the pyrometer can be assumed 
proportional to the intensity of radiation leaving the targets. 
(This is true for the Land Twin Beam Radiation Pyrometer), 
although this assumption, sometimes, can lead to significant 
errors. A radiation pyrometer measures only the radiation 
incident on the detector, and output will not even necessarily 
be proportional to this energy.
In the Appendix II, it is shown that the larger Vg the 
less important are errors in Vi and V 2 and the larger the 
value of E the less errors in Vg are important..
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5.3. Suction Pyrometry
Gas temperature inside the furnace was measured with a 
Land Type 4 suction pyrometer (Figure 8 ).
The instrument consists of a stainless steel probe 
57 mm. outer diameter which is water-cooled along its whole 
length. The flow rate for adequate cooling varied with the 
temperature of the furnace and the length of the probe inserted 
into it. The flow rate was such that the quantity was 
sufficient to limit the temperature difference between the 
inlet and the outlet water to a maximum of 40°C and the 
velocity of the water through the pyrometer was sufficient to 
prevent the surface boiling. The surface of the probe was kept 
as clean as possible to'minimise the radiation absorption. The 
sheild was an extruded refractory unit which was fitted inside the 
water-cooled probe. As the shield was fitted inside the jacket 
it was not subjected to the same rigorous conditions as one 
mounted externally and consequently had a much longer life. The
upper temperature limit of this shield was 1400°C.
The pyrometer was fitted with a platinum - platinum 13% 
rhodium thermocouple, enclosed in a refractory sheath. Compensat­
ing cable was used to connect the couple to the potentiometer.
The gases were aspirated through the shield at a velocity 
of about 152 m/sec. with the use of a blower. A standard Venturi 
Unit installed after the blower helped in controlling the suction 
rate. After switching on the suction, the correct reading was
z 
^  z  ca o
h  Itu
o.
>-h*
K
1UH
IU
Z
0
p:>-
c.
Z
0
w
D
Z
<
.J
u o 5
£ <
x xt- 1/1
00
w
•p^
Du
i—i
La
nd
 
Ty
pe
 
4 
Su
ct
io
n 
P
y
r
o
m
e
t
e
r
obtained in 2 to 3 minutes. If the gas temperature was 
continuously varying, the pyrometer reading was lagging one * 
minute behind the gas temperature.
A similar instrument was employed for the flue gases 
temperature measurements and was permanently installed in the 
position.
5.4. Determination of Droplet Size Distribution in the Fuel Spray
A technique based on the use of liquid nitrogen for 
freezing fuel spray droplets has been developed at the 
Marchwood Engineering Laboratories of the C.E.G.B. 59 and 
employed for the determination of droplet sizes in small 
laboratory atomizers. This technique is capable of giving
accurate results over a wide range of droplet sizes and
. «. ..U ;composition.
For the present application, a larger probe based on 
the similar lines was developed for sampling in large sprays, 
as produced by the present burner and is described below:
In the probe, liquid nitrogen at a^pressure of 103 kN/m 
was fed from a 4.5 litre tank, through a control valve, and 
then passed through a narrow 1.5 mm x 0.5 m slot. The 
mechanical design of this was such that the liquid nitrogen came 
out as a thin sheet and was collected in a tray placed under­
neath.
For sampling, the desired conditions for spray formation

were set and the probe positioned in the furnace enclosure,
1 m from the burner under no flame conditions (Plate 5). The 
fuel spray was momentarily switched on and part of the 
resulting droplets were caught in flight by the thin sheet of 
liquid nitrogen while passing through a 50 mm gap provided 
between the slot and the tray.
At liquid nitrogen temperature the droplets were kept 
in the frozen state in a Dewar flask, and when the photographs 
were to be taken, the liquid nitrogen was allowed to boil away 
and the droplets photographed directly using transmitted light.
Several photographs were taken from various parts of 
the field and were magnified to a desired degree (Plates 6 & 7) . 
A total of at least 300 particles were counted in each case, for 
the determination of size distribution (Section 6 .6 .)
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CTF-50 Droplets
SECTION 6
THE' EXPERIMENTAL INVESTIGATION 
AND RESULTS
Five fuels have been investigated using the L P A 
atomised burner and furnace arrangement described previously 
(Section 4) which resulted in a total of 136 sets of results. 
These results are made up as follows:
Gas Oil 87 runs
Kerosine 15 runs
950-sec Fuel Oil 1 0 runs
3500-sec Fuel Oil 15 runs
CTF-50 9 runs
Of the 8 7 gas oil runs, 21 were carried out with the 
standard nozzle size of 0.054 metres, the remaining 66 were 
carried out with four differing nozzle sizes varying from 0.041 
to 0.067 metres in order to determine the effect of this variable 
on flame length. For each fuel the excess air was varied bet­
ween 2% to 141 in four steps and the momentum of the jet 
issuing into the furnace was varied from 0.6 to 26 Kg.m/sec2 .
For each run the following measurements were taken; 
the fuel and air rates, the fuel and air temperature, all details 
of cooling water temperatures and exhaust gas temperature, before
and after cooling. In addition furnace wall temperatures 
were measured at six stations along the furnace. Axial 
compositions of carbon dioxide, oxygen and carbon monoxide 
were measured at twelve equally spaced points along the 
furnace length. All these results are presented in Appendix 
III.
It was decided that the point at which the carbon 
monoxide concentration on the axis was equal to 0 . 0 2 2 1  would be
O K
the criteria at which the combustion is deemed to be complete. 
This defines the criteriJT'for the flame length as the point at 
which 99.9 % complete combustion has occured. By studying the 
decay graphs for carbon monoxide along the furnace axis it was 
therefore possible to determine the flame length. Values of 
flame length are also given in Appendix III for each run.
6.1. Restriction on the System
At full load conditions about 50 litres/hr. of oil 
could be burned in the combustion space with the fan power 
available. Burner capacity with respect to combustion air 
supply pressure is shown in Figure 9. From this it can be
' seen that the burner would have been capable of burning 80 
litres/hr of oil if combustion air could have been supplied at 
1400 mm.wg. Four factors were responsible for restricting 
the burner to 50 litres/hr:
(i) Heat absorption factors i.e. no real load.
(ii) Limited fan capacity.
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(iii) Limited refractory temperature.
(iv) Flame length.
As the furnace load had its limitations (Section 4.1.3.), 
any heat absorbed by the refractory enclosure resulted in a 
quick temperature rise of the lining. Temperatures over 1300°C 
had to be avoided, by restricting the fuel input to the burner 
as this would have imposed a considerable strain on the refractory 
construction which was designed to operate at temperatures below 
1350°C.
The criterion for flame length measurements is mentioned 
in the Section above. At higher fuel rates and low excess air 
conditions, the flame length was considerably increased. Under 
these circumstances, it was not possible to locate the flame 
contour unless it could be brought back in the measuring range 
either by cutting down the fuel input rate or by increasing the 
amount of excess air. As the fan capacity was limited under the 
bigger load conditions, a reduction in the fuel flow had to be 
the normal practice and in this way the range of burner operation 
given in Appendix III was selected.
6.2. Experimental Procedure
After the operating conditions were established for a. 
particular trial, the furnace was allowed to run for about 2 hours 
to attain the equilibrium temperature. The furnace external heat
losses, under these conditions, amounted to 5 - 101 of the 
total hourly heat input. At steady state, if the temperature 
of the inside face of the wall were found to be above 1 2 0 0 °C 
(Section 5.2.), the flame emissivity measurements were, also 
carried out. During the trial, the percentage excess air was 
kept constant and only the oil flow rate was varied thus 
bringing a corresponding change in the momentum of the issuing 
jet. Enough time was allowed for the conditions to settle down 
after each oil flow change before any observations were made.
6.3. Analysis of Results
Part 1. Regression Analysis
The purpose of this research was to determine the 
performance given by the burner under industrial conditions, 
therefore, the variables examined for all the fuels were those 
most likely to be met with in practice, i.e. the combustion air 
quantity (or air fuel ratio), burner jet momentum (or burner 
thrust), burner discharge nozzle diameter, and fuel composition 
(C:H ratio of the fuel). The consideration given in Appendix IV 
stresses the importance of the first two in the present system 
and were examined over the widest possible range. As the burner 
could draw 1 0 0 % of its combustion air, at room temperature, from 
a single source (Section 4.3.2.) considerations of primary and 
secondary air quantities were irrelevant.
It was realised that fuel oils under the test conditions
should have'much the same density, surface tension and kinematic 
viscosity. The effect of the former two properties on the 
atomisation of oil is small; thus the absolute viscosity is one 
of the major fuel composition variables. In the industrial 
practice the way round this is to heat heavier fractions to have 
a maximum viscosity of 80 sec. Redwood 1 at the burner tip, 
which was the procedure adopted here. Hence, the effect of 
viscosity on the quality of atomisation was balanced out for all 
the oils used.
Type of oil
Gas oil 
Kerosine
950-sec Fuel Oil 
3500-sec Fuel Oil 
CTF-50
Operating Temperature
F
70 - 80 
70 - 80 
200 -  210 
250 - 260 
70 - 80
Kinematic Viscosity
Redwood 1 sec.
38 - 36
90 - 70 
85 - 75 
80 - 70
As it is understood (Section 4.3.), that the burner 
maintains the atomising air pressure and velocity constant at 
the point of oil atomisation for all turndown ratios, producing 
in consequence a uniform drop size distribution for all operating 
states. The drop size distribution under similar degrees of oil 
pre-heat would only be affected if the combustion air supply 
pressure to the burner could be altered. Unfortunately, time did 
not allow an investigation of this effect to be made.
The results for four petroleum based fuels are plotted in
Figures 1 0 to 13. Figuresio and 1 1 show the flame length plotted 
against the jet momentum. Figure 10 shows the gas oil results 
for different nozzle diameters and Figure IT shows the standard 
nozzle results for the four petroleum based fuels. The results 
plotted are typical and represent excess air levels of 3i and 9%.
It can be seen that at constant excess air levels the flame
-fi~
length i-€r--d i-r-e c t ly ■ p r-e-p e-r-t-i on a 1 to the jet momentum.
Figure 12 shows the flame length plotted against excess air 
at a constant jet momentum of 12 Kg.m./sec2, 8 Kg.m./sec2 , and 
7.5 Kg.m./sec2 and nozzle diameters of 0.047 metres, 0.067 metres 
and 0.06 metres respectively. The results shown are for gas oil 
and are typical of all the results taken. It can'be seen that the 
flame length decreases almost linearly as the excess air increases, 
within the limits investigated.
Figure 13 shows the flame length plotted against the nozzle 
diameter for gas oil flames with a jet momentum of 11 Kg.m./sec2 
and at two excess air levels, namely 31 and 9 1 . With the exception 
of the standard nozzle results it can be seen that the flame length
O  * esa'f5
is 1-inoarl-y— p-r-eportional to the nozzle diameter ^ increasing as 
nozzle diameter increases,, The discrepancy with regards to the 
standard nozzle results will be discussed later.
Because of the linear dependence of the flame lengths on 
the three most important variables namely jet momentum, excess 
air and nozzle diameter, it was felt that it should be possible to 
correlate the flame length with these three variables in the form
\
\
\
\
V
\
h H
•H  >H
<  <
V) Vi
V i Vi
0 0
O O
X X
w  w
1—I t>- ^  o  ° «**
*3* *3- lo o  vo cr» to
O O O O O
O O O O O
\ © o  x  -a d
\
\
l O
C-J
bO
,X
£
3
4->
C
0
£o
2
4->
0
►"3
D
N J
2
£3
H
■z:
w
2
0
2
H
m
>"3
>
rc 0
H 1—10
w
w ex►J £3O
w 1—1
2 Ph
<-q
Ph
-q
HH
O
i n
<0
o
UI l|^SU91 9UIBXJ
o
to (VI
\ . o
\
• H
o
W
rt
0 • •
PJ U O
• H 0 0
W W W
a
^ o  o
0 LO O
CD $ 4  CT) LO
to
.
•H P 
aJ
w
w
0
u r
X
0
o'.Q c'°
cn to
\
CO
w
53
P h
►J
<
Ptf
o
tin
2
53
H
53
W
2
o
s
H
W
'D
w
>
5E
H
CD
W
►3
w
S
<
Ph
bo
PC
E
3*i
4->
£
0
E
o
2
+j
0
CD
O
cr>
co
VO
LO
to
O
to CM
•ui i{q.3u0q s u i B X d
CM
V)
i
\
\
s  \
CM
V)
e
CM
V)
" g e
&
u> t - .
bO g bo
t '-
r * \o . vO
o LO o O o
(SI • • • • •
rH o I '­ o CO o
II II ll II II • It
O
o
T3 o d
0
u d 0
O © X*
(N1
rH
rH
OO
O
tO  CNl rH
•ui i{^ Su9X suiBXd
FL
AM
E 
LE
NG
TH
 
vs
 
EX
CE
SS
 
A
I
R
ui i{a§uax
No
zz
le
 
D
i
a
m
e
t
e
r
shown below:
Lf
D
aQ + aiG + a 2E + a 3 C D
d doo
The nozzle diameter is expressed as a ratio to the 
combustion chamber diameter simply because this would then make 
the term dimensionless and at the same time it will bring into 
consideration the characteristic combustion chamber dimension. 
Similarity the flame length was divided by the nozzle diameter 
for the purposes of correlation. It should be remembered 
however, that the constants a - a 3 still have dimensions.7 O
The data for each of the fuels was correlated separately 
using the stepwise regression analysis program. Since for 
fuels other than gas oil only one nozzle was employed, it was 
not necessary to include the term involving D/dQ since this was 
clearly constant. The resulting correlations for these fuels 
involved only the terms L ^ / d ^  G and E.
The resulting correlations are given below:
Gas Oil
Lf
D
32.0 + 1.60G - 2.65E + 2.43 (2)
do o
Kerosine
= 28.6 + 3.68G - 2.74E    (3)
do
950-sec Fuel Oil
= 35.18 + 3.82G - 2.19E   (4)
do
3500-sec Fuel Oil
= 37.75 + 6.13G - 2.43E   (5)
do
CTF-50
= 10.33 + 4.31G - 1.11E     (6)
do
The above correlations are shown plotted in Figures 14 
through 18.
It will be noticed that in equation (2) dQ has been replaced 
by d'o , this was done since it was found that to employ the effective 
nozzle diameter as given by
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gave a better correlation than employing the actual nozzle 
diameter. •
It was thought that with the introduction of the 
carbon hydrcgen ratio of the fuel into the correlation it 
would make it possible to bring all of the equations (2) to 
(6) together into one correlation. This was tried with the 
following result.
Lf = 19.0 + 1.32G - 2.3 IE + 1.26 -r?- + 1.4 §   ....
A  ^  ' i l
°
This correlation is shown plotted in Figure 19 it 
can be seen that 861 of the results lie within + 201 of the 
correlation. The correlation therefore embodies all five fuel 
and all five nozzle diameters investigated.
Part 2 Collision Frequency Approach
The basis of this approach is that the flame length 
in the furnace is determined by the rate of reaction of the 
fuel and that the mixing effect of the fuel and air is not the 
rate determining step. Since the fuel and the air are 
introduced through the same nozzle and there is no secondary 
air as such then this assumption would seem to be reasonably 
valid.
The determining factor in a steady flow, premix
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combustion system must be the local rate at which air and 
fuel will react liberating heat and forming combustion
made up of many reactions it will be assumed that the rate 
of reaction of the vaporised fuel will be proportional to the 
frequency collision of the reacting species. Clearly the 
frequency of collision of the reacting species will be 
proportional to the concentrations of those species and the 
temperature. The rate of reaction will also be proportional 
to the number of collisions which are productive, as given by 
the Arrhenius constant. It will further be assumed that the 
rate determining step is the collision which occur between 
unburnt fuel molecules and oxygen molecules. This approach 
was pioneered by Bragg 53 who arrived at the expression:
where Q is the heat released per unit volume and p and T 
are the local pressure and temperature. and CQrepresent
the concentrations of fuel and oxygen respectively and the 
term exp(-E/RT) represents the proportion of collisions between 
the species, which are productive. Bragg quotes a value for 
-E/R of 38,000 °Rankine and this value has been employed here.
The temperature T is assumed to be the adiabatic 
flame temperature and is then given by
products. Although the overall combustion process will be
Q = k !p 2T' C£C exp (-E/RT) (9)
• nHoT
Cp Cl + R)
where T\ is the inlet temperature of the fuel air mixture,
ri is the fraction of fuel combusted, H is the calorifico
value of the fuel and R the air fuel ratio.
It follows that
(1 -  n)
l - nR^ 
R
where R* is the stoichiometric air fuel ratio for the particular 
fuel. In the present furnace the pressure is nearly 
atmospheric and thus 1p f can be taken as unity.
Equation (9) then reduces to
Q = k 1 T. +l
nH r 3/
Cp (l+R)
. Cl - i n )  ( l  - nR *
R
exp -E/R
T. + nHo
l ------
Cp (l+R)
The heat release per unit volume is defined as
Q » f o
ttD 2L
and therefore combining equations (10) and (11) we arrive 
at an expression for k 1 the collision frequency constant.
. ( 10)
(11)
It follows from the above theory and assumptions
that for any fuel there should be only one discrete value 
of k ’ for all values of jet momentum, nozzle diameter and air 
ratio.
Values of k 1 were calculated from equation (12) for 
four fuels at a standard nozzle diameter and for the gas oil 
with five -nozzle diameters.
k* was found to vary slightly with the air/fuel ratio 
but to be approximately independant of the nozzle diameter and 
have an average value as listed below:
Fuel k' x 1013
Gas oil 1.76 + 0.5
Kerosine 1.48 + 0.3
950-sec 1.29 + 0 . 3
3500-sec 0.88 + 0.15
Figure 20 shows the values of k ’ plotted for 
gasoil against nozzle diameter from which it can be 
seen that k' is independant of the nozzle diameter under 
the conditions investigated.
Figure 21 shows the experimental flame length 
plotted against the calculated flame length, for all the 
data, using the values of k' as shown in the previous table. 
Again one finds that some 901 of the data lies within the 
limits + 20% of the experimental flame length.
6.4. Accuracy and Reliability of Results
Because of the intense and enclosed combustion 
system described, rapid oscillation in flame length will 
occur due to the phenomenon of unmixedness. When measur­
ing the short flames, namely those between 1 and 1.5 
metres there were less points available on the carbon 
monoxide decay curve from which flame lengths were interpolated. 
In a few cases only one point is available, namely the first 
sampling hole which is at a distance of 1.14 metres from the 
nozzle exit. After this initial distance holes are place 
every 15 cm and it follows therefore that the distance from 
the first hole to the second hole is 13% of the flame length 
being measured, should the flame length fall within this range. 
Also, if the flame length falls between the second two holes 
then the possible error is reduced to 11% etc.
A minimum of three points on the carbon monoxide
0 c  
m  0 <D £
•H  ' O  O
\<1> P £ .H
'o  cd cd P
£  rH £ cd
Cd 3 O  rH
£ O rH  2
O  P rH  L)
rH  -H cd P
rH  O  .. •H
cd <L> rC  O
f t P  <D
O  ‘ * •H  P
3=
O
vO
to
rHto
Pi
w  
H  
W  
2  
<  t—i
Q
W
hJ
tSJ
Kl
o
2
V)
>
E-*
<
H
CO
2
O
u
>*
u
w
O'
w
Pi
ph
2:
o(—I
CO
l-H
PI
o
u
o
C S1
w
Pi
JDCD
l-H
P-4
ei0I * .X
(L
F)
-C
RL
C
COLLISION FREQUENCY APPROACH, ALL D a m  PLOTTED.
O
1 0 ”1 1 10
(LF)-EXP
FIGURE 21
decay curve is necessary in order to get any reliability 
for flame length interpolation. This means that the 
flame length must be at least 1.47 metres. The number of 
flames in this study whose length is shorter than thi-s, 
amount to 191 of the total. This figure applies to gas 
. oil results only.
Reference to Figure 2;2 shows two typical short
flame carbon monoxide decay curves. Flame length was
defined as being the point at which the carbon monoxide
content was 0.022%. It can be seen from Figure 21 that an
error of + 10% in this final carbon monoxide concentration
means a corresponding error of approximately + 10% on the
measured flame length. It should be mentioned, however,
o
that readings below 0.22% carbon monoxide were not generally
t o w
observed in the system and were associated with hi-g-h excess 
air operations,.
6.5. The Measurement of Flame Emissivity
The method of measuring the flame emissivity has been 
dealt with in Section 5.2. and in Appendix II. In effect the 
Schmidt method measures the fraction of the radiation from the 
black body source absorbed by the flame, that is, the absorptivity 
of the flame to radiation from the source. Thus the method 
measures the emissivity of the flame only if the radiation source 
behind the flame (in the present case, the refractory walls) are 
at flame temperatures, and if the flame is grey, since only under . 
these conditions does the absorptivity of the flame equal its
emissivity.
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In practice it was found that neither of these 
conditions could easily be achieved. Burner design was 
such that a premixed relatively non-luminous flame was 
established under all the conditions studied, and this 
effect had a much greater influence on the results than 
that of the other variables. The burner provided a 
system with short, crisp and essentially non-luminous flames 
even at very low excess air levels. This was true for all 
the fuels used (Appendix III) with their various C:H ratios.
6.5.1. Discussion on Non-Luminous Flames
Heat is transferred from a flame to its surroundings 
mainly by radiation and only to a smaller extent by con­
vection. Because of the low luminousity and hence poor 
radiation properties of the flames produced by this burner, it 
was not found possible to raise the refractory wall temperature 
always beyond 1200°C, which was the minimum required for it to 
act as a black body source. Only in this way, the specified 
accuracy regarding the emissivity measurement could be achieved 
from the existing set up (Appendix II (iii)). At higher 
combustion rates, the convecting heat transfer to the refractory 
would, probably, have increased and certain background thermo­
couples and sources did acquire the high enough temperatures for 
the emissivity measurements to be attempted.
As the flames were generally non-luminous, radiating 
from carbon dioxide and water vapour in the infra red, they
could no longer be considered grey. Some slight 
luminoyfsity was observed in the first two feet from the 
burner port. This was due to the high combustion 
intensities in this part of the chamber, otherwise rest of 
the combustion space was occupied by clear non-luminous 
gases. Since the absorption bands of carbon dioxide and 
water vapour in the combustion gases are in the infra red, 
a lowering of the temperature of the background radiative 
source will result in an increase in the fraction of its 
radiation occuring at wavelengths where it will be likely to 
absorption in the presence of carbon dioxide and water vapour.
As an example, at 800°C, 11.31 of the source radiation falls 
in the region of the spectrum occupied by the carbon dioxide 
bands. At 1400°C, only 8.5% of the radiation falls in the 
carbon dioxide absorption bands. This variation in the 
quality of radiation from a black, or a grey body source also 
accounts for the increase in the emissivity of non-luminous 
gases with the reduction in temperature.
6.5.2. Flame Emissivity Measurements Taken
It has been shown in the foregoing sections that the 
Schmidt method is not suitable for emissivity measurements on 
the type of flames produced by the present type of burner.
Despite this, attempts were made assuming a grey flame when the 
background radiating temperatures exceeded 1200°C. Simultaneously 
Hottel's approach for emissivity predictions was also employed.
For these calculations, flame temperatures were a necessity and 
were provided by the Schmidt method measurements. The emissivity
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obtained by both the methods is given in Table 1 and a 
comparison is made in Section 7.
6.6. Droplet Size Distribution
Laboratory studies of the burn-out of single droplets 
furnish a rough estimate of the burning time of droplets in 
the reaction zone of a combustion chamber and hence throw 
some light regarding the flame shape resulting from spray 
combustion.
As an initial approach, the mean droplet diameter and
the Sauter Mean Diameter produced by this LPA burner, using both
H
gas oil | land CTF ' 50 was-measured for the mean operating
I- . !
conditions, using the special probe, which was developed for thi 
purpose.
The droplet size distribution for these oils is shown 
in Figures 23 and 24 and the average drop sizes are given below
Type of Measurement
Gas Oil 
(Plate 6)
C.T.F.50 
(Plate 7)
(a) mean droplet 
diameter 121.2 131.9
(b) S.M.D. 53.4 23.1
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SECTION 7
DISCUSSION
7.1. Burner Operation
The test LPA burner was capable of performing three 
major functions with wide variety of fuels:
(a) It atomised the fuels effectively
(b) It mixed the fuel spray with combustion air 
thoroughly
(c) It proportioned the fuel and air flows over a 
wide turndown range.
The burner atomised the fuel over the desired operating 
range with an atomising air pressure at the burner of only 
500 mm of w.g. or 60% of the makers recommended pressure. A 
good commercial atomiser produced perhaps 851 of its droplets 
under 50y and they cover a fairly wide size range. For the test 
burner, a comparison between the droplet size distribution in 
the case of gas oil and CTF-50 can be made from Figures 23 and 24. 
The variation was probably due to the differences in viscosities 
and the surface tension of the two fuels. Also, it is suspected 
that in the case of CTF-50, the oil was seeded with very fine 
coke particles. The drop sizes from both the sprays are 
generally larger than expected for the efficient combustion of 
the fuels.
In the present system, the ratio of fuel and air is 
constant throughout, and only mixing problem arises in mixing-in 
recirculated combustion products with the incoming mixture. The
spreading of the combined fuel/air jet, until it filled the 
whole cross-section of the combustion chamber, resulted in re­
circulation in which the gases entrained in the early part of 
the jet were derived from the perimeter of the jet further 
down-stream. This recirculation is important as it provides 
a mechanism for the heat transfer from the hotter regions to the 
cold pre-ignition zone and raises the combustion intensity limit 
which otherwise is set by the radiation from the chamber walls 
and the flame front only. With all the fuels, under the 
influence of these parameters, generally short and intense 
flames were produced within close proximity of the burner and 
more than 95% of combustion was completed within 20 nozzle diameters 
this was achieved inspite of the fact that the burner under test 
conditions produce comparatively coarse atomisation.
The self proportioning mechanism of the burner was not 
tested critically but the general impression formed during the 
course of experimental work was that it kept the air/fuel ratio 
reasonably constant over the entire operating range. On the test 
burner, a turn down of 10:1 was easily achieved and was 
comparatively wider than possible on other types of burners in the 
industry. At low load conditions, the air velocities in the 
burner throat are decreased in almost all types of burners result­
ing in poor mixing and deterioration in flame shape. The common 
pressure jet has an additional problem - its spray angle widens 
with the decrease in output from the burner. None of these 
situations arises in the LPA burner operation, where the fuel/air
jet behaves as a free jet with a fixed discharge angle of 15-20° 
at the nozzle and the air velocity for secondary atomisation and 
mixing stays constant irrespective of the load variation.
7.2. Flame Length Criteria
A visual assessment of flame length was not reliable 
because the flame was generally short and non-luminous in nature.
In the analysis in Section 6, the flame length, L is defined 
as the distance in metres _ _■ from the burner tip to the point on 
the combustion chamber axis, where the CO concentration was found 
to be 0.0221 (on a dry basis). It was found difficult to locate 
the position of zero concentration of CO, as under most of the 
operating conditions CO appeared to be present long after the 
combustion would have thought to be completed,and the high sensitivity 
of the analyser was able to detect it easily. Under these 
circumstances it was decided to use 0.0221 of CO concentration to 
indicate the flame contour. Any further decrease in this con­
centration was negligible. It was easily differentiable from the 
upper values and corresponds to more than 99.98% of complete 
combustion.
In the past 60 , investigators have defined the flame
lengths by certain mixing characteristics of the streams or by 
visual assessments. Carbon monoxide has not been extensively 
used as a flame length parameter.
Fairly recently, Ruhland51 and Anson62 have used it in
relation to combustion studies in cement kiln firing and in 
power station boilers, respectively.
7.3. Flame Length
7.3.1. Regression Analysis
Figure 10 shows the plot of the flame length against 
jet momentum at 3% and 9% excess air for gas oil flames, and 
five different nozzle diameters are represented.
It can be seen that as the nozzle diameter is increased
from 0.041 m. to 0.067 m. so the curves move from the right of 
the page to the left i.e. for a given jet momentum as the nozzle
diameter is increased so the flame length increases. Careful
study of this graph shows that the results for the standard nozzle 
0.054 m. do not lie between the lines for 0.047 m. and 0.06 m., 
in fact in the case of 9% excess air the standard nozzle curve 
lies to the left of the curve for the largest nozzle. Figure 13 is 
derived from Figure 10 on which it can be seen more clearly that 
the standard nozzle results lie well above the general trend of the 
other four nozzles. This would tend to suggest, particularly 
bearing in mind that these trials were carried out first, that the 
results are probably suspect.
Figure 14 shows the results of the regression analysis 
carried out on the gas oil results from which it can be seen that
some of the results lie well below the 45° line. As shown
four of these do in fact come from the standard nozzle runs 
but the remaining four pertain to the nozzle diameter of
0.067 m. namely the largest nozzle. However, all these results
which lie below the line were carried out at 141 excess air
and it is therefore more likely that this high level of excess
air has caused the discrepancy.
At these high levels of excess air the flame lengths 
are necessarily short. It must be remembered that the first 
point at which the gas sampling was carried out was at a 
distance of 1.14 m. from the burner nozzle. The error involved 
in measuring flame lengths could be very large, this point has 
been enlarged in an earlier section. It could be that at these 
high levels of excess air the flame lengths were in fact shorter 
than measured.
Omitting the standard nozzle results from the gas oil 
runs and recorrelating the data using the regression analysis 
program results in the equation:-
•which is shown-p-tot-t-cd—  i-n—■figure -2-5-. It can be seen that the 
results for the nozzle diameter of 0.067 m. at an excess air
remaining results are very much better correlated, this could
o ( (
throw some doubt as to the reliability of the four^results 
mentioned above.
36,87 + 1.78G - 3.09E + 1.23 —
d' o
level of 141 lie very much below the 45° line. However, the
7.3.2. The Generalised Correlation
The generalised correlation embodying all five fuels and 
all nozzle diameters is given below and 861 of all the results lie 
within - 201 of the correlation (Figure 19). • .
Lf =19.0 + 1.32G - 2.31E + 1.26 D + 1.4 C
The validity of this type of correlation depends on three 
things. The accuracy of the experimental data used, the accuracy 
of the physical properties of the fuel and the suitability of the 
form of the correlation, i.e. whether it will account for the effects 
of the variables of the system.
The error involved in measuring short flames has been 
pointed out in earler sections (6.4 and 7.3.1.) and is, probably,
« s .
the most common source of error. The oil flow rati-e-, in the case 
of transparent fuels (Kerosine, gas oil and CTF. 50) were metered 
using a rotameter and were compared against the flows given by a 
positive displacement meter (arranged in series). Whereas, in the 
case of heavier and darker fractions (950 and 3500 sec. fuel oils) 
the positive" displacement meter could only be used. The air flows 
to the furnace were always related to the back-end oxygen figures 
and good agreement between the two was necessary before any 
observations were made.
As far as the accuracy of the physical and chemical properties 
of the fuels is concerned, they were obtained from the literature and 
laboratory tests revealed that in the majority of the cases they were 
accurate to within 21.
7.3.3. Suitability of the Parameters in the Generalised Correlation
It is felt that the parameters used in the 
generalised correlation (Section. 7.3.2.) are sufficient to account 
for all the macro effects of the variables on the flame length 
produced by the LPA burner system. What the correlation will 
not account for is the effect of dividing the combustion air 
into two streams where one stream is employed to Effect 
atomisation by its passage through the burner, and the other is 
introduced as a slow moving stream around the burner. Under 
these conditions, the approach of Thring and N ewby49 and others19? 
2 0<5 4 8 >6 2for the blast atomised turbulent diffusing flames will 
be more appropriate and should be used.
It is interesting to note that for LPA burner under 
investigation,
flame length increases with the increase in jet momentum,
flame length decreases with the increase in % excess air,
flame length increases with the increase in Ip—  ratio,
flame length increases with the increase in _c_ ratio.
H
In an analysis of turbulent diffusion flames in 
open hearth furnaces, the above workers have derived flame 
length correlations based on the momentum equation. The flame 
length is considered as the distance along the flame axis at 
which there is just sufficient air entrained by the fuel jet to 
form a stoichiometric mixture. As the rate of entrainment along
the jet axis is proportional to the square root of the jet momentum 
and, therefore, in all the previous derivations flame length is 
obtained as
t 1L ---
s / Z ~
i.e. to say as the jet momentum increases, the rate of 
entrainment by the jet of the surrounding fluid (air + recirculated 
combustion products) also increases resulting in decrease in flame 
length.
On the other hand, in the present case of premixed fuel/
air jet the problem of entraining combustion air does not exist.
In hot furnace surrounding, the jet needs to entrain a limited amount 
of recirculated combustion products to reach ignition temperature.
At high incoming velocities associated with high jet momentum there
may not be sufficient time for th©''‘combustion of the chemical and
physical process of combustion before combustibles either leave the 
combustion chamber or result in an elongation of the flame length. 
Higher jet momentum may also result in high degree of entrainment 
of the recirculated combustion products. A greater proportion than 
four parts by weight of recirculation to one part of incoming fuel/ 
air mixture will slow down the reaction rate because of the very great 
dilution of the combustibles and probably will result in flame 
elongation. ,
The effect.of ambient conditions on droplet combustion 
has been widely investigated 3 0 ,3 6 - 3 9 an(j d eait with in
some detail in Section 2.5.
The important conclusion which could be drawn with excess air 
is that the burning rate of droplets increase with the increase 
in oxygen concentration. A similar influence of the excess air 
is also shown in the generalised correlation where the flame 
length decreases with the increase in % excess air. It is also 
true for nearly all the industrial burners28, and in the case of 
rotary cement kilns it is the effect of excess air on flame 
length which is most easily traced and made use of in kiln
operation 5 1
The term D in the generalised correlation takes into
account the degree of recirculation in the system and its effect 
on the resulting flame length; this parameter also enables the 
correlation to apply to any other diameter combustion chamber. 
For the system, recirculation parameter 0 can be defined as
6 =
m + m a o
m . D D
where, m = mass flowrate of the nozzle fluido
m = mass flowrate of the ambient fluid (in thea
present case m & = o) 
d* = equivalent nozzle diameter defined by equation(7)
D = combustion chamber diameter
From a knowledge of 0, Thring and Newby theory49 enables 
recirculation characteristics of similar systems to be predicted 
provided d'Q is small. For values of d 1 above 0.05,
D D
the theory of Craya and Curtet-6 3 gains more accurate results 
and should be employed.
Carbon to hydrogen weight ratio (C/H) of.the- fuel is 
the last term in the generalised correlation and indicates the 
increase in flame length with the increase in C/H ratio of the 
fuel. With fuel oil droplets, the carbonaceous residue remains 
after the combustion of volatile material and these burn at a 
far slower rate than do the volatiles 29. . This tendency
is more pronounced with the increase in C/H ratio of the fuel 
and Masdin and Thring-3 0 have suggested that cenospheres formed 
during droplet combustion burn at between a third and a tenth 
of the rate of the volatile part of the fuel.
/
7.4. Collision Frequency Approach.
As mentioned earlier in Section 6.3. this approach 
assumes that the flame length is determined purely by the 
rate of reaction of the fuel and air mixture and that mixing 
and recirculation do not play an important part in the 
situation where the fuel and air are 1001 mixed. However, in 
this case, it was known before this approach was tried, that 
the nozzle diameter did affect the flame length for a given 
excess air and jet momentum and it was therefore expected that 
on working out the values of k' that not only would different 
values be arrived at for each fuel but also that for gas oil, 
k' would show a dependance on nozzle diameter. As Figure 20 
shows this was not the case. This suggests that nozzle diameter 
does not affect flame length, however, this is known not to be 
the case.
It was proposed initially that the actual combustion 
volume was not the furnace volume but only a fraction of this 
since part of the total volume was filled with recirculating 
gas products. It was therefore proposed that if the amount of 
recirculation could be calculated this would result in a known 
reduction of volume for combustion and hence the nozzle diameter 
could be brought into the correlation*
The amount of recirculated products were calculated for 
each run using the work of Ricou and Spalding-52 and from this, 
the volume that they would occupy was found. This was
subtracted from the complete combustion volume i.e. 
ttD 2L^ to result in the more realistic volume. When 
4
these values were used to calculate k ’ from the experimental 
data it was found that k 1 reduced with increasing nozzle 
diameter and did not stay constant as expected. As a result 
it was found that the full combustion volume was more accurate 
for the determination of k ' , and that the average value of k' 
for all the nozzles could be used to predict the flame length 
for gas oil flames burning with low pressure air atomised oil 
burners.
As mentioned previously, Figure 21, shows the 
calculated flame lengths plotted against the experimental flame 
lengths as calculated using the average values of k 1 for each 
fuel. Approximately 901 of the data lie within + 201 of the 
correlation but it must be remembered that the correlation is 
not general for all fuels tested, since the value of k ’ is 
different for each fuel, generally speaking decreasing as the 
carbon to hydrogen ratio increases. This latter point applies 
only to petroleum based fuels since the value of k' for CTF 50 
is nearly as high as that for 950 sec fuel oil, as would be 
expected.
7.5. Applicability of the Flame Length Equations
From the preceding sections it is clear that the 
results can be applied to similar industrial conditions to 
those under which they were obtained. The percentage excess
air in these trials varied from 3 % to 151, which is typical 
of good practice in many industrial applications, and the 
flame was enveloped by hot refractory surroundings 1000-1300°C.
The general applicability of the flame length equations 
on LPA burner systems can be carried out with confidence as the 
effect of walls interference with the flame boundary has been 
taken into consideration in their derivation. If in an 
industrial situation the furnace walls are water cooled then 
the results of this investigation should apply qualitatively and 
will require a little more care.
7.6. Flame Radiation.
In a flame, the problem of radiation and the combustion 
products are interrelated. In the present burner system, smoke, 
soot and ash,were not present as produced by a radiant flame.
In general, there is disagreement as to the chemical processes 
which are involved in producing smoke and soot, but it is fairly 
well established that only a small amount of the fuel is involved.
A large volume of the work on radiation applicable to 
industrial problems has been carried out at IJmuiden, by the 
International Flame Research Foundation 6 **. Workers at 
IJmuiden have shown that the soot concentration and thus the 
flame* radiation increases with the carbon-hydrogen ratio of the 
fuel. Considering the effect of other variables, it was noted
*The flames studied were of turbulent diffusion type.
that increasing the fuel jet momentum decreased the soot 
concentrations along the flame axis significantly. Increasing 
the firing rate had also an effect. However, the change in the 
amount of combustion air had little effect and the change in 
temperature of combustion air had no effect. •
Knowing the size of the flame from aerodynamic 
considerations, the emissivity of the flame may be determined 
from the soot concentration by a rather complex calculation5 • 
Thus, as the flame initially gets larger, the emissivity 
increases even though the soot concentration might be falling 
off. Finally, however, if the increase in flame width is not 
enough to compensate for decreasing soot concentration the 
emissivity may again fall off.
Table l,page 108,gives the maximum emissivity measured 
with the use of Schmidt Method (Section 5.2.) for all the fuels 
being used during the present burner trials. From these results, 
there appeared to be a great effect of the fuel jet momentum 
(burner thrust) on the flame emissivity. The burner thrust in 
all the cases was extremely high if compared with turbulent 
diffusion flames at equal fuel inputs. This was because of 
the special design of the burner, permitting all the combustion 
air to be used as atomising air. The result of this was a 
totally premixed flame, which reduced the amount of soot and 
hence flame emissivity at any distance from the burner nozzle. 
Similar results have been reported by Riviere at IJmuiden when 
all the combustion air having the same thrust as that of the
fuel and atomising agent jet was introduced around the 
burner, an arrangement very similar to the present set up.
The premix nature of the flame produced by the 
burner and in consequence the poor luminosity have already 
been described in Section 6.5. Principally, there are two 
ways to increase the radiation from a flame (a) increase the 
flame emissivity, and/or (b) increase the flame temperature.
Regarding the first, as predicted by the literature6 \ 
the emissivity was found to be related to the carbon-hydrogen 
ratio of the fuel. In Table 1, the maximum emissivities 
measured from the flames produced by the three fuels used 
appeared to be in the order of carbon to hydrogen ratios of the 
fuel and are 0.252, 0.286 and 0.296.*
Now looking at runs using CTF 50 (33.5.2,5,6,8) the 
emissivity varied from 0.242 to 0.296. The reason for this 
increased emissivity is that when increasing excess air admitted 
in premix system as present one, having the constant nozzle 
diameter, the jet momentum and the jet velocities are increased. 
Hence, it can be suggested that shorter mixing and combustion 
time allows the soot to survive relatively longer at the measuring 
point (1st slot). The C particles density is slightly increased 
and emissivity varies as shown in Table 1.
* These measurements were made at slot No. 1 as most of the 
measuring conditions were conveniently satisfied at this 
position along the flame length (Section 6.5)
SECTION 8
CONCLUSIONS
1. The Stordy-Hauck LPA burner tested provided' an 
excellent combustion system with short, crisp, essentially 
non-luminous flames,even at very low excess air levels 
(3-51).
2. From a knowledge of the fuel and air input quantities, 
it was found possible to predict, and thus control, the flame 
length in the combustion chamber by means of one or other of 
two empirical correlations, developed from this work.
3. The most useful correlation was arrived at by a 
straightforward regression analysis, based on the observation 
that the flame length varied linearly with jet momentum, excess 
air, nozzle diameter and the carbon/hydrogen ratio of the fuel. 
Thus resulted in the general expression:-
= 19.0 + 1.32G - 2.31E + 1.26 — —  + 1.4 -
d' H
d. 0
A more theoretically based correlation was arrived at 
by using the approach of Bragg and Holliday, which assumes 
that the flame length is governed purely by the reaction rate 
of the fuel and air. This resulted in the expression:
4nirH f o
ttD K
riH
T. + 
1 Gp(l+R)
-  20
~ 3/
(1-n) (1-n— ) exp 
R
-E/R
nH
T. +
1 cP (l+R),
for the flame length.
4. The general appearance of the flames and the form of
the empirical relationships discovered indicate that combustion 
in LPA oil burners is more influenced by mixing criteria than 
by fuel atomisation.
5. In practical terms this means that this type of burner
is ideally suited for burning heavy, dirty, petroleum and coal 
tar fractions, smokelessly and cheaply.
o
\
o
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SECTION 10
LIST OF SYMBOLS
C - % carbon in fuel (wt. basis)
- Volumetric concentration of fuel vapour
CQ - Volumetric concentration of oxygen vapour
0^ - Mean specific heat of gases per unit mass between
inlet mixture temperature and the adiabatic combustion
temperature. kcals/kg.°C
d - Nozzle diameter, m. o
d* - Effective nozzle diameter, m.o
D - Furnace diameter, m.
E - Excess air percent
G - Jet momentum kg.m./sec2.
H - % hydrogen in fuel (wt. basis)
H - Calorific value of fuel, kcals/kg. 
o 6
k 1 - Collision frequency constant.
Lf - Flame length, m.
m - Mass flowrate of the ambient fluid kg./sec.
m£ - Mass flowrate of the fuel kg./sec. 
m - Mass flowrate of the nozzle fluid kg./sec.
O  O '
p - Local pressure in the reacting volume 
Q - Heat release per unit volume 
R - Air/fuel ratio (wt. basis)
R* - Stoichiometric air/fuel ratio (wt. basis)
T - Local temperature in the reacting volume, or adiabatic
flame temperature 
T^ - Inlet temperature of fuel air mixture
pQ - Density of nozzle fluid, kg./m3.
- Density of flame gases at adiabatic flame 
temperature kg./m3. 
n - Fraction of fuel burnt
APPENDIX 1.
• Gas Analysis Equipment
Oxygen Analyser
The DCL Servomex oxygen analyser depends for its operation 
on the paramagnetic susceptibility of oxygen. Its range was 0 - 
100% oxygen on 3,600° (ten turn) linear dial, graduated to 0.1% 
and its accuracy + 0.1%. The analyser would function within the 
range -10 to +40°C and the accuracy was maintained over + 5°G 
variation of ambient temperature. With the sintered glass disc 
filter removed and the sample flowrate at 100 ml/m. (optimum working 
flowrate), distance velocity lag did not exceed 0.5 seconds and the 
subsequent response was exponential with a 90% time not exceeding.
8 seconds. The variation of reading between these limits did not 
exceed 0.1% oxygen. As the reading of volume percentage dry gas 
was required, the sample had to be dried before being analysed and 
the conditions were maintained such that the condensation could not 
occur within the analyser’s measuring cell. Pure nitrogen was 
required for gas check and dry air for adjusting the span.
Readings were taken at the same pressure (usually atmospheric) at 
which the span was adjusted.
Carbon Monoxide and Carbon Dioxide Analyser
The standard Poly IRGA depends upon the selective absorption 
of infra red radiation by CO or CO 2 . Both these gases have a uniqu 
absorption spectrum and therefore the absorption of one gas in a 
complex combustion mixture could be selectively measured. The amount 
of absorption was a function of the concentration of the gas
and the length of the absorption path. For measurements of 
a wide range of concentrations, a multisection analysis cell 
was fitted, consisting of three sections with cell lengths 
in decade steps.
The detector was sensitised to the gases to be 
measured and selectivity was obtained by interposing matched 
pairs of filters in the optical paths. The filter system 
was fitted with trimming devices so that the optical balance 
could be adjusted for individual channels. The gas to be 
measured was selected manually by a simple filter changeover 
device operated through the instrument door. The range was 
selected by a special changeover valve which directed purge 
gas 'Nitrogen’ to the two other range cells not being used 
at any time.
Analyser Specification.
Reproducibility + 1% of the full scale reading.
Stability + 1% of the full scale reading
over 2 4 hours.
Carbon Monoxide/Carbon Dioxide.
0-1%, 0-10% a nd 0-100%.
Standard Measurements 
Standard Ranges
APPENDIX II 
Land Twin Beam Radiation Pyrometer
This pyrometer was specially designed for the present 
use and differed from the standard Land Twin Beam Pyrometer 
type WRT 35/80/VAR (Figure No. 10) in its optical capabilities.
It was designed to focus on two targets at a distance of 1 metre 
from the lens of the pyrometer. (See Fipare No. 25 ). The 
distance between the centre of the targetts was 43 mm. , and 
the targets size was 18 mm. . The otdher specification details 
are as follows:
DeteGtor: Twin Land 2 second thermopiles.
Lens, Type & Material: WRT 35/80/40Z Arsenic Trisulphide
Angular Field of View (Radius): 1/80 
Calibration Table: R016 Appendix II (iw).
Internal Resistance:
14 ohm across pins 1(+ vc) and 3 (coimmon - vie)
14 ohm across pins 2 (+ vc) and 3 (common - vc)
For consistently accurate readings the pjyrometer output should 
not be allowed to exceed: lOmV 
Sighting System: Reflex.
The temperature of the pyrometer should mot exceed 80°C.
Connections to the two thermopiles anne available via a three 
pin cannon connector at the rear of the {pyrometer. All the 
connections were made with copper leads.. The small pin No. 3 was
connected to the common negative of the tthermopiles, pins No. 1
c o l D6 ^  i ^  k
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FIGURE 25
Geometric Details of Land Twin Beam Radiation
Pyrometer
and 2 to the positive sides of the two thermopiles i.e. pin 
No. 1 to the thermopile viewing the cold target, and pin No. 2 
to the thermopile viewing the hot target.
(i) Alignment of the Pyrometer.
In this particular application, it was intented to measure 
the flame emissivity and temperature in 6 zones along the length 
of the furnace. This involved the positioning of the pyrometer 
at various heights of the 6 vertical slots provided in the left 
side wall of the furnace. (See Section 5.2) The pyrometer 
was moved from one slot to another simply and speedily and the 
arrangement could be seen in the Plate 4.
This sliding bench consists of two horizontal and parallel 
rods mounted along the complete length of the side of the furnace 
In between these rods, a small table slides smoothly on the bushe 
with the help of a chain and gear arrangement. The pyrometer 
mounting is welded on to this table and carries the provisions 
for limited vertical and horizontal movements. The horizontal 
movement, perpendicular to the furnace body was essential for 
the pyrometer’s final positioning.
For the alignment purposes, a strong light source was 
placed on the first and the sixth cold targets. Because the 
sighting was only available through one of the thermopiles, it 
was desirable for the accuracy and the case of alighnment, to 
sight this particular thermopile on to these cold targets. As 
the recommendations concerning the cold target size requirements
had been followed, the other thermopile did sight on to the hot 
targets, when the sliding bench was adjusted for these cold targets 
alignment. The alignment was checked for the middle target positions 
and was found to be satisfactory.
(ii) Operation of the Pyrometer.
The pyrometer was located in the jacket with either the 
sighting port to the left of the connector if the hot target was 
to the left of the cold target, or the sighting port to the right of 
the connector if the hot target was to the right of the cold target. 
If however the magnitude of (V2 - vi ) was small, then either the 
flame had a very high emissivity, or the background temperature 
(hot target) was too cold. It was always checked that the latter 
was not the case. The background temperature was kept above 1200°C 
whenever possible. Maximum accuracy was obtained with a high 
background temperature (See Section 5.2.)
(iii) Errors.
Considering the case in which the output of the thermopile 
is proportional to the energy falling on it. (This is true for 
the hand Twin Beam Radiation Pyrometer). Let the thermocouple 
sensitivity be S (S = output/unit intensity).
The fraction of total energy passing through the window or 
lens of the pyrometer will vary with the temperature of the source.
Let it be f (T).
The thermopile sighting through the flame on the cold
target will therefore give an output Vi, where
Vi = S f (T)Eo T 4 
and the second thermopile sighting through the flame on the
hot target will give an output V 2 , where
V 2 = S f(T)Eo T * + S f(Tfi) (l-E)a Tg
If we now look up on the calibration table the output V B 
the pyrometer would give when sighted on a black body source at 
temperature T B°K.
then V B = S f(TB)cr 
and hence
V z V i = (i-E)
' V B
Now the accuracy of the results in terms of the accuracy 
of the individual measurements can be shown to vary with the 
emissivity ofi.the flame and the background temperature. Let 
dVi and dV2 be the maximum errors in each voltage reading. 
(This error will include the measuring error and the possible 
deviation from the published calibration tables.)
Let dVB be the maximum error in assessing the output of 
the pyrometer sighted on the hot target temperature Tg. (This 
error will include any inaccuracies in the thermocouple and in 
the method of measuring the surface temperature, and will 
probably be the biggest single error).
( IV )  LA N D  T W IN  B E A M  R A D IA T IO N  P Y R O M E T E R  M K , I I
Type W R T  35/80/VAR
Calibration Table No. R 016
Open Circuit'Calibration Figures for Black Body Radiation
Pyrometer Internal Resistance: 14 ohm
The measuring circuit resistance must be greater than 200 ohm
Temp.
°C
700
Output
m V
0.045
Temp.
°C
Output
m V
T emp. o
C
Output
m V
I Temp, 
i oC
1000 0. 141 1300 0.341 I 1600
Output
m V
0.700 i
10 0.047 10 0. 146
20 0.049 20 0. 150
30 0.051 30 0. 155
40 0.053 40 0. 160
50 0. 056 50 0. 166
60 0.058 60 0. 171
70 0.061 70 0. 176
80 0.063 80 0. 182
90 0.066 0. 188
10 0. 350 10 0. 716
20 0. 359 20 0.732
30 0. 369 30 0.748
40 0. 378 40 0.764
50 0. 388 50 0.781
60 0. 398 60 0.798
70 0.408 70 0.815
80 0.418 80 0.831
--- 0.429 90 0. 850
0.071 
0.074 
0.077 
0.080 
0.083 
0.086 
0.089 
0.093 
0. 096
\ 0. 1 9 / 1 ^ 0 0  \ 0.440 1700
900 0. 100 1200 0. 259
>,10 0.103 10 0. 267
20 0. 107 20 0.274
30 0. Ill 30 0.282
40 0. 115 40 0.290
50 0. 119 50 0.298
60 0. 123 60 0. 306
70 0. 127 70 0. 314
80 0. 132 80 0. 323
90 0. 136 90 0. 332
0.451 
0.462 
0.473 
0.485 
0.497 
0. 509 
0. 521 
0. 533 
0. 546 
0. 559 1800
0.868 
0. 886 
0.904 
0 . 921 
0. 941 
0. 961 
O'. 979
0. 999 
1.020
1. 040 
l.Oof
10
20
30
40
50
60
70
80
90
0. 572 
0. 586 
0. 599 
0. 613 
0. 627 
0.641 
0.655 
0.670 
0. 685
10
20
30
40
50
60
70
80
90
1.08) 
1. 102 
1. 124 
1. 147 
1. 167 
1. 191 
1.213 
1.236 
1. 261
1000 0. 141 13 00 0. 341 1600 0. 700 1900 1. 284
10 1. 308
20 1. 331
30 1. 356
40 1. 382
50 1.407
60 1.432
70 1.458
80 1.485
90 1.513
2.000 1.539 ,
V2-Vi
Now 1 - E =
V B
DE
(dV2-dVi ) V 2-Vi
V B v
cdvB )
de = V B
dV2-dVi-(1-E) dVB
Thus, the larger the less important are errors in 
Vi and V 2 . The larger the value of E the less errors in 
Vg are important.
APPENDIX III 
TABULATED RESULTS
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APPENDIX IV
A Jet Momentum .Theory
As an initial approach, the behaviour of a pressure 
jet is analysed by applying the concept of momentum transfer. 
The treatment is applicable to a system where a plain orifice 
is discharging a uniform mixture of fuel oil and air along the 
axis of a horizontal cylindrical furnace.
Fuel oilT t
Combustion 
Chamber
Flue gases- n .....*
exhaust
Combustion
Air
The mass flowrate of the fuel oil in the nozzle fluid 
can be defined as :
m f = AUp      (1)
where
m.
A
U
P
R
1+R
Fuel rate kg./sec.
Discharge area of the burner nozzle m 2 .
Average discharge velocity of the nozzle fluid m/sec 
Density of the nozzle fluid, kg/m3.
(Based on total mass flowrate and the total 
volumetric flowrate)
Air fuel ratio wt/wt.
Now, as the jet is placed in an enclosed space, the 
free supply of secondary air is cut off for entrainment. 
Instead, the jet entrains the furnace gases as a free jet 
to a point C where entrainment ceases and disentrainment 
begins. After this point, the pressure within the jet 
gradually increases instead of remaining constant as in the 
case with free jets. The gases entrained in the region 
near the nozzle originate from the edge of the jet further 
down stream before the point where the jet impinges on the 
enclosing wall.
In the system, considering an instance where the flame 
length equals to the distance taken for the jet to just reach 
the wall, by the principle of conservation of momentum, we 
can write
A U 2p = AiUi2pi .  (2)
where Ai = Cross-sectional area of the furnace, m 2 .
Ui = Average discharge velocity of the gases in
vertical plane P P 1. m/sec.
pi - Density of gases in the furnace, kg./m3.
Taking into account the amount of unburnt fuel leaving 
the system at plane P P 1 in the form of CO
fm^ = Cu U 1A 1  (3)
where
i
f = Fraction of fuel leaving unburnt from
combustion volume, wt/wt.
Cu = Unburnt fuel concentration in the flue gases 
kg./m3.
Combining the three previous equations and re-arranging 
we arrive at the following expression
1 f 1 G + f U . R ___ ......(4)
Cu U UippiAf , . u iPif .
In the present system, because of the premix nature 
of the flame produced by such a burner in very hot 
surroundings, more than 95% of the combustion was complete 
within a short distance from the nozzle. For the remaining 
5% which mostly affect the flame length, it can be seen from 
Figure 2.6 that a relationship of the form
a x
Cu
where x - Axial distance from the burner m.
.1/
d = Nozzle diameter, m. 
can represent the variation of unburnt fuel concentration 
with axial distance
Now, as Cu is considered constant
a(x/d)+b
(5)
(Section 7.2.) for the flame length predicitions, also 
replacing x for L i.e. the measured flame length, we can 
equate the above equations 4 & 5 as follows:
afL 
D
+ b
[ UUippiAf
G +. U
UiPif
.R   (6)
In the above equation let
Variation, wftfo distance % tn wrtbiirni* fuel
core cent rail o n  o n  c ^ i s .
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D a
+ K2 .R b (7)
a a
In the above equation (7), it is obvious that for a 
particular flame a and b are dependent on these input 
parameters, of which the two most important ones are G and R. 
The same is also true for Ki and K 2 , as p,pi,U and Ui 
are directly affected by the changes in G and R.
Therefore it can be said that
L
d
f (G,R) (8)
